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ABBREVIATIONS. 
AT Acclimation temperature: Temperature at 
which the animals were kept before the ex-
periments. 
BF Best Frequency: Frequency of maximum neural 
response rate at a given tone intensity. 
BM Basilar Membrane: Inner ear structure sup-
porting the receptor cells. 
CAP Compound Action Potential: Gross auditory 
nerve potential in response to click stimuli. 
CF Characteristic Frequency: Frequency of lowest 
neural response threshold. 
CFP Columella Footplate: Stapes footplate in sub-
mammalian middle ears. 
CM Cochlear Microphonic: Gross cochlear poten-
tial in response to sound stimulation. 
CM .CM" Positive and negative components of CM res-
pectively. 
CS Coefficient of Synchronization: Estimate of 
the strength of phase-locking neural respon-
ses to tonal stimuli. 
dB SPL dB Sound Pressure Level relative to 20 uPa. 
EP Endocochlear Potential: Resting potential of 
scala media. 
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EPSP 
F 
с 
FFT 
F 
Excitatory Postsynaptic Potential. 
Cut-off frequency of BM vibration at a gi­
ven position along the BM. 
Fast Fourier Transform algorithm. 
Frequency of maximum amplitude response of 
BM vibration at a given position along the 
BM. 
FTC Frequency Threshold Curve ("tuning curve"): 
Curve of neural response threshold as a 
function of frequency and intensity of tonal 
stimuli. 
HC Hair Cell. 
IHC 
OHC 
Inner HC. 
Outer HC. 
MD Modulation Depth: Ratio of amplitude of the 
first harmonic (RI) and the DC-component (R0) 
of phase-locking neural response rate during 
tonal stimulation. Sometimes RI expressed as 
a percentage of R0. 
PLIMIT 
PSTH 
PI 
Estimate of the standard deviation of PI. 
Peri Stimulus Time Histogram. 
Phase of the first harmonic component of the 
neural response rate during tonal stimulation 
relative to the sound pressure at the ear­
drum. 
-V-
Sharpness of a band-pass filter: Centre 
frequency divided by the bandwidth at 3 dB 
below the maximum of the frequency response. 
Sharpness of a neural FTC: CF divided by 
the bandwidth at 10 or 20 dB above the CF-
threshold respectively. 
Ratio of the rate of a temperature dependent 
process at temperature Τ and at temperature 
T-10 (0K). 
Estimate of the standard deviation of RI. 
Average neural response rate. 
Average amplitude of the first, second and 
third harmonic of the phase-locking neural 
response rate during sinusoidal stimulation. 
Synchronization Index: Expression for the 
strength of the fundamental component of 
phase-locking neural responses. Its magni­
tude is half the MD. 
Summating Potential: Slow ("DC") component 
of the gross cochlear potentials in response 
to sound stimulation. 
Spontaneous Rate: Neural firing rate in the 
absence of deliberate sound stimulation. 
Temperature. 
Tectorial Membrane: Structure overlying the 
cilia of the HC in the inner ear. 
-vi-
T Standard temperature reference of the ex­
perimental animals (270C) during the ex­
periments (cf. AT). 
TW Travelling Wave. 
τ Delay of the n t h peak of the PSTH of the 
en 
neural response to condensation click sti­
muli relative to the onset of the pressure 
change at the eardrum. 
τ Delay of the nth peak of the PSTH of the 
ГП J f 
neural response to rarefaction click stimu­
li relative to the onset of the pressure 
change at the eardrum. 
τ Delay of the maximum of the envelope of the 
m 
compound PSTH of the neural response to 
clicks of both polarities relative to the 
onset of pressure change at the eardrum. 
τ Group delay: τ = - -т— φ(ω) with Φ(ω) 
representing the phase response of the 
system. 
"U"-structure "U" shaped basal end of the fibrocartilagi­
nous limbic structure supporting the BM in 
the caiman. 
VS Vector Strength: Same as SI. 
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CHAPTER I. 
GENERAL INTRODUCTION. 
Primary auditory fibres possess a high degree of fre-
quency selectivity. This property is not only found in mam-
mals (e.g. Kiang et al. 1965; Evans 1975a; see also Klinke 
1978,1979) but also in birds (Sachs et al. 1974; Gross and 
Anderson 1976; Manley and Leppelsack 1977; Schermuly and 
Klinke 1982) in reptiles (see Manley 1981 for a review) and 
in amphibians (Capranica 1976). Hearing in fishes is achieved 
by means of the saccular epithelium and is fundamentally dif-
ferent from hearing in the tetrápoda (see Tavolga et al. 
1981). A recent review on comparative studies in hearing was 
made by Popper and Fay (1980). 
The mechanism by which this high frequency selectivity or 
sharp tuning is achieved is not yet understood (see Dallos 
1981 for a recent review). 
Part of the frequency filtering depends on the middle ear 
structures. They are responsible for the gross frequency de-
pendency of hearing. The upper limit of the frequency range 
of hearing becomes progressively higher going from the am-
phibians which have the most primitive columellar ears (e.g. 
Saunders and Johnstone 1972; Moffat and Capranica 1978; Chung 
et al. 1978,1981) via the reptiles (see Wever 1978; Manley 
1981) and birds (Saunders and Johnstone 1972) where the co-
lumella-ear is most highly developed, to the mammalian middle 
ear with its ossicular chain which leads to a wide extension 
of the high-frequency limits as compared to the columella-
type middle ear (e.g. Johnstone and Sellick 1972; Manley and 
Johnstone 197Λ; Wilson and Johnstone 1975; Rhode 1978). 
The filtering properties of the middle ear however are very 
broad and the high-frequency and the low-frequency slopes are 
in no way comparable to the filter characteristics of the pri­
mary auditory fibres. 
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Additional filtering is performed by the inner ear struc­
tures, which vibrate in reaction to the sound energy trans­
ferred to the inner ear fluids by the middle ear. 
The elements common to the inner ears of all vertebrates 
are the receptor cells, called hair cells after their apical 
cilia (see e.g. Ades and Engstrom 1974; Baird 197Λ; Smith 
1981). They are stimulated by a deflection of the cilia in a 
certain direction (Flock 1965; Hudspeth and Corey 1977; 
Shotwell et al. 1981). It has been shown that the receptor 
potentials recorded intracellularly from the inner hair cells 
of the guinea pig are as sharply tuned as auditory nerve fi­
bres (Russell and Sellick 1977a,b; 1978; Dallos et al. 1982). 
Similar results have been obtained from the gerbil (Goodman 
et al. 1982). This also holds for the receptor potentials re­
corded intracellularly from the hair cells of a primitive 
reptile, the turtle (Fettiplace and Crawford 1978; Crawford 
and Fettiplace 1981). 
Since the sharp filter properties found in the primary 
auditory fibres are thus present already in the receptor po­
tentials of the hair cells they must result from the proper­
ties of the hair cells themselves or from the inner ear 
structures associated with the hair cells or the cilia, such 
as the basilar membrane, or the tectorial structures on the 
cilia. 
There is a large morphological variation in the inner ear 
structures of the vertebrates (see e.g. Manley 1973)· Salient 
features of the changes occurring in the phylogenetic deve­
lopment of the inner ear are the increase in the number of 
hair cells, changes in the orientation of the kinocilium 
(Baird 1974; Miller 1980; Wever 1978), increase in the length 
of the basilar membrane (there is no basilar membrane in the 
amphibian inner ear, see e.g. Capranica 1976; Lombard 1980; 
Lewis et al. 1982), a huge variation of tectorial structures, 
especially in the lizards (Miller 1980; Wever 1978) and a 
specialization of the hair cells into (at least morphologi­
cally) different groups, most explicitely in the Crocodilia 
(v.During et al. 1974; Leake 1977; Wever 1978), the birds 
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(Takasaka and Smith 1971; Hirokawa 1978; Tanaka and Smith 
1978) and the mammals (see e.g. Smith 1981). 
The vibration of the basilar membrane has been extensive-
ly investigated in mammals. Von Békésy was the first to ob-
serve a travelling wave motion in the apical region of human 
cadaver ears, which leads to a maximum vibratory amplitude 
at different positions along the basilar membrane, dependent 
on the stimulus frequency (see von Békésy I960). He also ob-
served resonance curves in one non-mammalian inner ear; na-
mely, a tonotopic frequency mapping on the basilar papilla 
of the chicken, similar to that found in mammals (see von 
Békésy ідбО.рр.500-510). 
Later measurements of basilar membrane vibration with more 
sensitive techniques, carried out in vivo at lower intensi­
ties in the guinea pig (Johnstone and Boyle 1967; Wilson 
and Johnstone 1972,1975; Kohllöffel 1972c) showed that the 
mechanical tuning curves are sharper than those measured by 
von Békésy at high intensities in cadaver ears. These mea-
surements showed linear vibratory properties of the basilar 
membrane. In the guinea pig Kohllöffel (1972) found that 
thresholds and sharpness change after death and with age of 
the preparation. Measurements in the squirrel monkey (Rhode 
1971) showed that in the region of the response maximum the 
basilar membrane motion is non-linear and that this non-
linear behaviour disappears after death of the animal (Rhode 
1973; Rhode and Robles 1974). 
The sharpness in all these measurements of the basilar mem-
brane tuning is not as high as the neural sharpness of pri-
mary fibres (Geisler et al. 1974.; Wilson 1974; Evans and 
Wilson 1975; Rhode 1978) and therefore additional sharpe-
ning mechanisms were postulated ("second filter", Evans and 
Wilson 1973; Evans 1975). 
Many possible mechanisms for this "second filter" have 
been proposed (see e.g. summaries in Klinke 1978; Dallos 
1981; Kim and Molnar 1975; Nilsson 1978; Brownell 1982). The 
fine anatomical structure of the cochlea could lead to "mi-
croraechanical" motion, different from "macromechanical" ba-
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silar membrane motion leading to sharper input to the hair 
cells. For instance the fluid flow through the gap between 
the tectorial membrane and the organ of Corti (Steele 1973; 
Helle 1974; Zwicker 1974)ι properties of the tectorial mem­
brane (Zwislocki 1979; Zwislocki and Kletsky 1979,1980; 
Zwislocki 1980a,b) in combination with the directional sen­
sitivity of the hair cells (Duifhuis 1976; Duifhuis and 
v.d. Vorst 1980), spatial interactions of various aspects 
of the basilar membrane motion (Hall 1977,1980; Allen 1977, 
1979,1980; de Boer 1980), morphological specializations of 
the basilar membrane (e.g. Wilson 1977; Neuweiler et al. 
1980; Wilson and Bruns 1983), interactions between inner and 
outer hair cells changing the mechanics (e.g. Dallos and 
Harris 1978; Dallos et al. 1980; Crane 1982). Other possible 
sharpening mechanisms are interactions between afferent fi­
bres from inner and outer hair cells (Lynn and Sayers 1970; 
Nieder 1971; Zwislocki 1974,1977; Evans 197Д,1975b; Dallos 
and Harris 1978; Kiang et al. 1976; Libermann and Kiang 1978; 
Harrison and Evans 1979a,b). This of course has become highly 
improbable in view of the findings that the tuning properties 
of inner hair cell receptor potentials are as sharp as those 
of primary fibres (Russell and Sellick 1977a,b,1978). The same 
probably also holds for the outer hair cells (Dallos et al. 
1982). Other mechanisms are direct electrotonic interactions 
between inner and outer hair cells (Manley 1977a,1978; Wilson 
1977; Sellick et al. 1982a; Brownell 1982), active mechanisms 
at the hair cell level (Kim et al. 1980; Kemp and Chum 1980; 
Wilson 1980; see also Brownell 1982; Weiss 1982), tuned hair 
cell membrane electrochemical properties (Johnstone 1977; 
Crawford and Fettiplace 1980; Eatock and Manley 1981) and ef­
ferent innervation to the hair cells (Wiederhold 1970; Klinke 
and Galley 1974; Kiang et al. 1976; Mountain 1980; Carlier 
and Pujol 1982; Siegel and Kim 1982). 
The sharp tuning properties found in the primary auditory 
fibres depend heavily on the integrity of the cochlear recep­
tor cells. Destruction or damage of hair cells or their cilia 
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for instance by acoustic trauma (Kiang et al. 1976; 
Libermann and Kiang 1978; Cody and Johnstone 1980; 
Robertson 1982), or intoxication with kanamycin (Kiang et 
al. 1970; Evans and Harrison 1976; Harrison and Evans 
1979b) leads to a loss of sharp tuning properties (this view 
is not shared by Dallos and Harris 1978). Manipulations of 
cochlear metabolism by hypoxia (Evans 1974» Robertson and 
Manley 1974)f application of low concentrations of cyanide 
(Evans and Klinke 1974»1982a) or furosemide (Evans and Klinke 
1974,1982b) lead to the same, initially reversible, lose of 
sharp tuning and low threshold. Similar results are obtained 
by draining of scala tympani (Robertson 1974»1976). 
Very recent measurements of basilar membrane mechanics, 
with again more sensitive techniques have shown that for a 
cochlea in good physiological condition the basilar membrane 
vibrates non-linearly and that at low intensities iso-velocity 
curves of the basilar membrane are as sharply tuned as inner 
hair cell receptor potentials and primary auditory fibre res­
ponses (Le Page and Johnstone 1980; Sellick et al. 1982Ъ; 
Khanna and Leonard 1982). It was also shown in these experi­
ments that the non-linearity and the sharp tuning are phy­
siologically extremely vulnerable. The sharp tuning proper­
ties found in the primary auditory fibres are thus present, 
at least in mammals, already at the level of basilar membrane 
vibration and the failure to detect this in earlier experi­
ments is probably due to the higher stimulus intensities 
needed and the extreme vulnerability of the non-linear vi­
bration mechanism. 
The vulnerability of sharp tuning, found in primary auditory 
fibres and in the mammalian basilar membrane mechanics may be 
the result of the same active mechanism, which in addition to 
the passive basilar membrane properties is responsible for 
this sharpness of tuning. 
While sharp frequency tuning in primary auditory fibres, 
as already mentioned above, is found in all tetrapode, very 
little is known on the mechanics of the inner ear in classes 
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other than the mammals. Von Bekesy (I960) reports tonotopi-
cally mapped "resonance curves" on the bird (chicken) basi­
lar membrane. In the alligator lizard no tonotopic organiza­
tion in the vibration pattern of the basilar membrane has 
been found (Weiss et al. 1978; Реак and Ling 1980), the ba­
silar membrane motion follows the motion of the extracolu-
mella so the mechanical frequency response is the same at 
all positions and equals the middle ear response. In the 
amphibia a basilar membrane is absent (e.g. Lombard 1980; 
Lewis et al. 1982). Thus sharp neural tuning can be achieved 
without a travelling wave and without tonotopically organized 
basilar membrane motion. 
Sharp tuning can also be found in fibres from sensory hair 
cells without a tectorial membrane (Weiss et al. 1976) albeit 
that the tuning properties of such fibres are poorer than 
those of fibres in the same animal originating from hair 
cells with a tectorial membrane on the cilia (Weiss et al. 
1976). 
Tonotopy is shown to exist in the absence of a basilar 
membrane in the amphibian papilla (Lewis et al. 1982) and in­
dependent of a (non-tonotopic) basilar membrane vibration 
pattern in lizards (alligator lizard, Weiss et al. 1976,1978; 
Peake and Ling 1980). 
Tonotopy in such cases is thought to be brought about by gra­
dients in the properties of hair cells or associated tectorial 
structures. For instance in the granite spiny lizard ciliar 
length of hair cells without tectorial membrane correlates 
with neural best frequency although both entities are not mo-
notonically mapped on the basilar membrane (Turner et al. 
1981). In addition the best frequencies of fibres correspon­
ding to the hair cells having a tectorial membrane were much 
lower although their cilium lengths were shorter, indicating 
the role of the mass on the cilia (Turner et al. 1981). Si­
milar relations between neural best frequency and ciliary-
tectorial dimensions are found in the alligator lizard 
(Mulroy 1974; Peake and Ling 1980). In the turtle tonotopy 
in the hair cells and primary fibres is demonstrated 
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(Crawford and Fettiplace 1980). It is argued that the di-
mensions of the basilar membrane do not allow for mechanical 
tuning as sharp as the hair cell and primary fibre tuning 
that are observed (Crawford and Fettiplace 1980) and obvi-
ous gradients in hair cell or ciliar morphology are absent 
(Miller 1978b,1980). Fettiplace and Crawford (1980) and 
Crawford and Fettiplace (1981) found electrical resonances 
in the hair cell potentials and conclude that the electrical 
hair cell properties are responsible for the tuning proper-
ties of the hair cells and primary fibres. Tonotopy is also 
found in the starling basilar papilla from ganglion cell 
measurements (Manley and Leppelsack 1977) confirming 
Von Békésy's (I960) observations on the chicken basilar 
membrane motion. The tonotopy corresponds also with the 
ciliar length gradient over the length of the basilar mem-
brane in the pigeon (Tanaka and Smith 1978). 
Thus, although there is evidence now that in mammals the 
frequency selectivity found in hair cells and primary fibres 
could be realized through the vibration of the basilar mem-
brane alone (Sellick et al. 1982b; Khanna and Leonard 1982), 
both morphological and physiological data from lower verte-
brates indicate that a variety of other possible mechanisms, 
not based on basilar membrane gradients and travelling waves, 
must exist for the achievement of sharp tuning in lower clas-
ses. Since on the other hand the ears of the vertebrates have 
a common origin, being a specialization of the acousticolate-
ralis system (Romer 1962) comparative investigation of hea-
ring is interesting both to study the general principles of 
hearing and - because of the huge structural and functional 
variety of the vertebrate ears - of special elements involved 
in the sound analysis process. 
An additional advantage of investigating the ears of lower 
vertebrates is, especially in the poikilotherms, the greater 
robustness of the preparations. For instance the experiments 
on the hair cells of the turtle, performed on isolated 
"cochlea's" (Crawford and Fettiplace 1980), or survival 
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times without any signs of deterioration of auditory func-
tion of up to a week in the caiman (Klinke and Pause 1980) 
and, with proper choice of the species, easier access to 
the structures to be investigated and thus less interference 
with normal function. 
The present work was done using the spectacled caiman 
Caiman crocodilus as the experimental animal. The caiman be-
longs to the Order Crocodilia, Family Alligatoridae. The cro-
codilian ear is the most highly developed of all reptilian 
ears. The Crocodilia are the only living descendants of the 
large Subclass Archosauria ("ruling reptiles"), to which the 
well-known dinosaurs belong, and who were extinct at the end 
of the Cretaceous (Romer 1962; Carroll 1969). The crocodiles 
take a special place amongst the reptiles: "The crocodiles 
are phylogenetically remote from the base of the reptilian 
family tree as might be expected, they show numerous 
features found in the birds, whose ancestors were archosaur 
relatives of the crocodiles" (Romer 1962). This situation is 
also reflected in the anatomy of the crocodilian inner ear 
(Baird 1974; v.During et al. 1974; Leake 1976,1977; Wever 
1978) which resembles that of birds (Takasaka and Smith 
1971; Tanaka and Smith 1978; Hirokawa 1978) more than it re-
sembles reptilian ears from any other Order. 
Briefly the caiman inner ear has a long basilar papilla 
of boomerang shape about 4·5 mm long and with a maximum width 
of 1 mm in the middle. There are two different types of hair 
cells, about 3000 inner hair cells (IHC) and 8500 outer hair 
cells (0HC) (Leake 1977). Wever (1978) estimates 4000 IHC 
and 8000 OHC. In a cross section the proportion of IHC/0HC 
varies from 2/6 at the basal end to 6/18 in the midportion 
of the papilla and 6/2 at the lagenar end (v.During et al. 
1974)· The hair cells are all oriented in the same direction. 
There is a continuous long stretched tectorial membrane, who-
se honeycombed undersurface may be connected to the micro-
villi of the supporting cells that surround the hair cells; 
it is not clear whether the hair cell cilia are fixed to the 
-9-
tectorial membrane (see v.During et al. 1974; but also 
Wever 1978). The average length of the hair cell cilia in­
creases from 10 и (IHC) and 5 И (OHC) at the basal (= proxi­
mal) to 70 у (IHC) and 30 y (OHC) at the apical (= distal, 
lagenar) end of the papilla (v.During et al. 1974). The dia­
meter of the OHC gradually increases towards the apical end 
whereas the smaller surface area of the taller IHC is more 
uniform in size (Leake 1977). The basilar membrane is at­
tached to the medial and lateral fibrocartilaginous struc­
tures (v.During et al. 1974), which at the proximal end join 
to form a dense plate with a shallow trough over which the 
basilar membrane is suspended (Retzius 1884; Wever 1978). 
All the afferent fibres become myelinated at the habenula 
perforata, their diameter there is about 4 U. 60/{ of the fi­
bres innervate the IHC, U0% the OHC (v.During et al. 1974; 
v.During unpublished). This is different from the mammal 
where about 95% of the afferent fibres innervate IHC and 
where the remaining 5% of the afférents that innervate OHC 
are unmyelinated (e.g. Spoendlin 1971,1972). 
In caiman one IHC may contact 4 afferent fibres and up to 
3 IHC may have contact with the same afferent fibre 
(v.During et al. 1974)· Thus the innervation pattern of IHC 
is different from that in mammals, where one IHC contacts 
about 20 afferent fibres and an afferent fibre contacts only 
one IHC (Spoendlin 1972). The innervation pattern of the OHC 
in caiman is very similar to that of the IHC (v.During et al. 
1974)· So about 3 OHC can have contact to the same afferent 
fibre in contrast to mammals where one afferent fibre con-
tacts about 10 OHC (Spoendlin 1972). 
Efferent nerve fibres in caiman have synaptic contact with 
afferent axons and outer hair cells and also with supporting 
cells in the OHC region and with the more lateral hyaline 
cells on the basilar membrane (v.During et al. 1974)· 
The caiman middle ear is of the typical reptilian and 
avian columellar type (Wever and Vernon 1957; Wever 1978). 
The eardrum is large and thin and both middle ears are in-
terconnected like in birds (Henson 1974)· 
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Physiological data on the caiman middle ear function are 
limited to the work of Wever and Vernon (1957) who measu-
red CM responses from the round window using a closed sound 
system. They found that clipping the columella resulted in 
severe losses of sensitivity over the whole frequency range 
from 100-6000 Hz (about 50 dB, maximum loss 70 dB at 1000 Hz). 
There were no differences in sensitivity to contralateral and 
ipsilateral stimulation in the same frequency range, but the 
authors state that perhaps differences in the phase of sti-
mulation of the two ears may operate for the purpose of im-
proved sound localization. 
In the anatomically very similar ears of birds, where an in-
terconnection between the middle ear cavities exists as well, 
it has been found that this channel has properties similar to 
a low-pass filter, but that the attenuation at frequencies 
below 4-5 kHz is small enough to allow the ear to work as a 
direction-sensitive pressure-difference receiver (Hill et al. 
1980; Rosowski and Saunders 1980) in this frequency range. In 
the barn owl however it was found that at behaviorally impor-
tant functional frequencies (6-8 kHz) the interaural attenua-
tion is too high for the ears to work as such pressure-gra-
dient receivers (Moiseff and Konishi 1981). 
Given the lower frequency range of the caiman ear (Klinke and 
Pause 1980) and the absence of interaural attenuation mentio-
ned above it may well be that directional sensitivity based 
on the principle of a pressure-gradient receiver also exists 
in the caiman ear. 
The properties of the primary auditory fibres in the cai-
man have been investigated (Pause 1978; Klinke and Pause 
1980). Spontaneous activity at 27+20C varied from 0.5-80 
imp/s and was bimodally distributed. 30? of the fibres had 
spontaneous rates below 20 imp/s. The click response latency 
decreased with the CF of the fibres. The numbers of peaks in 
the PSTH, spaced 1/CF in time, increased with the Q-IQOD of 
the fibres. Tuning curves had steeper slopes on the high-
frequency side (30-180 dB/oct) compared to the low-frequency 
side (10-150 dB/oct). CF-thresholds were as low as 5 dB SPL 
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in the optimum hearing range (500-2000 Hz). QIQJD values 
from 1-7 were found. Sharpness increased with CF. Phase-
locking responses up to 1500 Hz were observed and two-tone 
suppression occurred on either side of CF. Some irregulari-
ties in click responses and dips in iso-intensity sweeps at 
high intensities were observed. 
The authors conclude that although many similarities with 
mammalian auditory primary fibres occur, the mechanism by 
which these properties are brought about must not be the 
same as in mammals, especially they discuss the possibility 
of the absence of a travelling wave mechanism. Absence of a 
travelling wave in the caiman ear was also suggested by 
Kauffmann (1974) on the basis of measurements of the coch-
lear microphonics. 
The aim of the present study is to gain information on 
the process of frequency selectivity using Caiman crocodilus 
as the experimental animal. Sharp tuning is dependent on in-
tact metabolism, which in turn is a temperature dependent 
process. Changing temperature is therefore a way of investi-
gating the tuning process in the cochlea. Especially in poi-
kilotherm animals, as the caiman is, temperature-changes are 
a non-traumatic form of perturbation constituting a normal 
physiological condition. The first part of this study there-
fore deals with the effects of temperature changes on tuning 
properties as measured in primary fibres. Effects of tempera-
ture on properties of primary fibres in caiman have been 
described in preliminary reports (Klinke and Smolders 1977, 
1982; Smolders and Klinke 1977,1978,1982; Fengler et al. 
1978; Fengler 1980; Klinke 1978,1979). Temperature effects 
on tuning are also reported in the toad (Moffat and Capranica 
1976) and in the gecko (Eatock and Manley 1976,1981). There-
fore an attempt is made to localize the temperature dependent 
tuning process. Two approaches have been made. In the second 
part of this study estimates of the basilar membrane vibra-
tion pattern in the intact inner ear are made using the dis-
tribution of phase-locking discharge properties of primary 
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fibres over a large population of fibres with different CF 
originating from the same papilla in the same animal. Pre-
liminary reports on these experiments were made (Smolders 
and Klinke 1980,1981). The technique had been used in the 
mammal by Kiang and Moxon (1974)f Pfeiffer and Kim (1975) 
and Kim and Molnar (1979). 
The information obtained with this method is inherently in-
direct. In the third chapter results of direct measurements 
of the vibration of the middle ear and basilar membrane in 
caiman are presented. These experiments were carried out in 
collaboration with Dr. J.P. Wilson, Keele University England, 
using his expertise with the capacitive probe. A preliminary 
report has been published (Smolders et al. 1982). 
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CHAPTER II. 
EFFECTS OF TEMPERATURE ON THE PROPERTIES OF PRIMARY AUDI­
TORY FIBRES OF Caiman crocodilus. 
INTRODUCTION. 
The frequency selectivity of primary auditory fibres is 
dependent on the integrity of cochlear metabolism (see gene­
ral introduction). 
Especially in poikilotherm animals it is possible to influen­
ce metabolism and still have the animals in a normal physio­
logical state by changing their body temperature, an every 
day experience for cold-blooded animals (see e.g. Colbert et 
al. 194.6; Brattstrom 1965; Cloudsley-Thompson 1971). Since 
the crocodilian inner ear, the highest developed poikilo­
therm ear, has great similarity with that of mammals, a com­
parison of primary fibre properties, and their dependence on 
temperature, with data on metabolic influences on mammalian 
primary fibres, is most advantageous to obtain information on 
the metabolic dependency of tuning properties. 
The caiman has a thermal preference varying with the size 
of the animal from 28 С for small (< 4-5 cm) animals to 360C 
for large (> 75 cm) animals (Diefenbach 1975; Smith 1979) 
and shows behavioural thermoregulation like basking, gaping, 
moving in and out of the water, partial or total submerging, 
different postures in relation to the heat source (Smith 
1979) as well as physiological thermoregulation by change of 
blood flow ("heart rate follows thermal requirements more 
closely than oxygen demands"), evaporation of water and endo­
genous heat production (Smith 1979). The temperature toleran­
ces in crocodilians are large as shown by Colbert et al. 
(19Л6) who found in an other alligator (Alligator mississi-
piensis) a preference range of 32 -35 C, an activity range 
of 260-370C, an upper lethal limit of 380-390C and a much 
less definite lower one of about 150C cloacal temperature. 
Calling behaviour persists in a temperature range of 9-33 С 
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(Garrick and Garrick 1978). 
The effects of temperature on the hearing process have 
been investigated in several waysf both in mammals and in 
lower vertebrates. 
The effects of temperature on cochlear microphonic poten­
tials (CM), summating potentials (SP), compound action po­
tentials (CAP) and auditory evoked potentials have been in­
vestigated in several mammals, e.g. in hamsters (Kahana et 
al. 1950), in bats (Harrison 1965; Brown et al. 1978), in 
cats (Coats 1965,1971) and in guinea pigs (Manley J. and 
Johnstone 197Д; Eggermont 1974; de Brey and Eggermont 1978; 
Prijs 1980; Prijs and Eggermont 1980,1981). It was found 
that cooling generally increased the response latency, de­
creased the response amplitude and the threshold sensitivi­
ty. Effects on neural components were larger and showed 
less variation than effects on CM, which require much lower 
temperatures before an effect occurs. Temperature effects 
on SP were most variable. A downward shift of the most sen­
sitive frequency and of the upper frequency limit of audito­
ry evoked potentials is reported in the bat (Harrison 1965; 
Brown et al. 1978) and a shift of the CM pattern towards the 
base of the cochlea is reported in guinea pig (de Brey and 
Eggermont 1978) with cooling of the animals. 
Data from cochlear potentials in lower vertebrates, with 
respect to temperature effects are more limited. 
In birds the amplitude of CM and CAP decrease with tempera­
ture, whereas the effect of temperature on CM , SP and the 
endocochlear potential (EP) is smaller and variable (Necker 
1970). In the turtle CM amplitude in response to a tone of 
of constant frequency increases non-monotonically with tempe­
rature, local maxima occur, dependent on the direction of 
temperature change and the preceding acclimation temperature 
(Adrian et al. 1938; Pattersen et al. I968; Wever 1978, 
pp.891-894). 
In lizards Johnstone and Johnstone (1969) report lower ther­
mal Q1(i at high stimulus levels than at low levels. Campbell 
(1969), also in lizards, recorded CM and auditory evoked res-
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ponses from the medulla. He finds that the sensitivity to 
tonal stimuli of different frequency decreases when the 
temperature is out of a certain species dependent range. Loss 
of sensitivity is largest in the most sensitive frequency 
range. The temperature range in which hearing is optimal 
correlates with the preferred temperatures of each species. 
In the spiny lizard he found a response abnormality in a nar­
row frequency range which shifted downward with cooling. In 
Urna inornata he observed that the optimum sensitivity as a 
function of frequency shifts to lower frequencies with coo­
ling. Similar results are reported by Werner (1972,1976) who 
investigated temperature dependent changes especially in gek-
konid lizards. CM sensitivity curves reversibly shift to lo­
wer frequencies with cooling due to increase of thresholds 
at the highest frequencies and a decrease at lower frequen­
cies. Here also the optimum temperature for CM responses cor­
responds to the preferred body temperature of the species. 
Werner (1972,1976) excluded a possible role of the middle ear 
transmission system on these temperature effects by stimula­
ting the columella footplate directly with a vibrator and 
concludes that the temperature effects must be due to changes 
in the hair cell sensitivity. 
Gans and Wever (1974) found no effect of temperature on CM 
responses in amphisbaenids, very specialized lizards. 
Effects of temperature on CM, SP, and CAP in Caiman crocodi-
Jus were investigated by Kauffmann and Schwarzkopf (1971) and 
by Kauffraann (1974). With cooling CM only becomes smaller 
below 130C. CM- which shows the strongest effect of tempera­
ture decreases linearly when temperature decreases below 220C. 
CAP reacts more variably but in general behaves like CM-. SP 
could not be recorded at physiological stimulus intensities 
and the 1,2 mV EP was independent of metabolism. Adrian et al. 
(1938) found no clear effects of temperature on the CM sensi­
tivity curves in the alligator in a range from 90-2б0С. 
In amphibians multi-unit responses from the torus semicircu-
laris show decrease in latency and increase in sensitivity 
with increasing temperature. The effects on sensitivity to 
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low-frequency stimuli are largest. In some species an opti-
mum temperature is found above which sensitivity decreases 
again, upward shifts of the highest sensitive frequency with 
increasing temperature are found in some species (Hubl et al. 
1977; Mohneke and Schneider 1979; Hubl and Schneider 1979; 
Walkowiak 1980). 
Temperature effects on the properties of primary auditory 
fibres have been reported in cat (Smolders and Klinke 1977), 
where fibres with characteristic frequency (CF) near 20 kHz 
have increased thresholds at lower temperatures, in the tokay 
gecko (Eatock and Manley 1976,1981) and in the caiman (Klinke 
and Smolders 1977,1982; Smolders and Klinke 1977,1978,1982, 
partly as preliminary reports on the present results; Fengler 
et al. 1978; Fengler 1980; Klinke 1978,1979) where the effects 
are shifts in CF rather than thresholds, and in the toad 
(Moffat and Capranica 1976), where fibres from the amphibian 
papilla respond to lowering of temperature by downward shift 
of their CF and increase of thresholds, whereas fibres from 
the basilar papilla, the homologue of the hearing sensory 
structure in higher vertebrates including the mammalian or-
gan of Corti showed only very little changes. 
The present results provide more detailed and quantita-
tive information on the effects of temperature on auditory 
primary fibres of caiman, over a wide temperature range (10-
350C) with data on single fibres with changes in temperature 
of more than 150C and data from over 100 single fibres from 
the same animal. 
METHODS. 
Four specimens of Caiman crocodilus were used for the ex-
periments. The animals were small adults with lengths varying 
from 35-47 cm and weights of 250-550 g. Small animals were 
selected for reasons of speed of temperature change. 
The animals were kept in basins with shallow water. Water 
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temperature was 270-28 С, air temperature was kept above 
30oC, by switching on powerful infrared heaters whenever 
temperature dropped below this value. All animals had the 
possibility to go on dry platforms and bask in the infrared 
light, or to submerge partly or completely in the water. An 
artificial cycle of 12 hours light and 12 hours dark was 
switched automatically. The animals were fed with live or 
fresh dead fish and every now and then home-bred naked mice. 
The preparation of the animals for the experiments was 
largely identical with that used by Pause (1978) and Klinke 
and Pause (1980). Caimans were anaesthetized with Nembutal 
by intraperitoneal injections of 18 mg/kg body weight. Ad­
ditional doses of Nembutal were administered when reflexes 
to pinching the skin between the toes occurred, in doses of 
1 rag/animal. Additionally animals were given intramuscular 
injections of a 90% Ringer, 5% glucose solution in quanti­
ties of 10-20 ml/day, dependent on the size of the beasts. 
The animals were artificially respirated through the cannu-
lated trachea using a Starling type respirator. The lungs 
were inflated every 30 seconds with room air of about 2Д0С 
to an end inspiration pressure of 0.3 kPa (3 cm HpO). In­
spirations lasted about 3 seconds, the system was open for 
the remaining 27 seconds. The heads of the animals were 
fixed in a special clamp mounted on a conventional stereo­
taxic device. The body was suspended by means of strings 
attached to the stereotaxic frame and to the skin of the 
back of the animals at the level of the shoulders and the 
pelvic gurdle. This suspension is very important to take 
away the weight of the anaesthetized animals from the thorax, 
thus allowing the lungs to expand with minimum restraint du­
ring the inspiration (Pause 1978; Pause and Klinke 1980). Ex­
periments lasted up to seven days without any signs of de­
terioration of the preparation as judged from the responses 
of the primary auditory fibres. 
The auditory nerve was exposed through the enlarged occipi­
tal hole, which allowed insertion of a microelectrode in the 
nerve under visual control. The myelinsheats of the primary 
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Schematic diagram of the experimental setup. 
The animal was in a sound attenuating box and artificially 
respirateci. The temperature of the head was changed by means 
of a thermode placed in the mouth and tubing wrapped around 
the neck and head of the animal. This system was flushed 
with warm or cold water. The actual water temperature at the 
head of the animal was 50C and 350C. The temperature was mea­
sured at the entry point of the auditory nerve in the otic 
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auditory fibres give the auditory nerve a nacreous-white 
appearance which made it easy to ascertain that the elec­
trode tip was in the auditory nerve and measurements were 
from primary fibres. For monitoring of inner ear temperature 
one joint of a copper-constantine thermocouple was inserted 
between the auditory nerve and the bony inner ear capsule 
at the entry of the auditory nerve in this capsule во that 
its tip was about 1.5 mm medial to the bend of the basilar 
membrane. The earlid was removed by cautery to expose the 
eardrum. 
A schematic diagram of the experimental setup is given 
in Fig. 1 . 
The experiments were carried out in a sound attenuating box. 
—9 Watt Background noise intensity spectral density was 6.35'10 —m— 
_q Lj-tt m H z 
at 30 Hz and declined sharply to 2-10 ' ^ | ^ at 100 Hz further 
decreasing with higher frequencies down to the noise level of 
the measuring equipment. 
Ambient temperature in the sound proof box was kept at 
270jH0C during recording using a heating pad with feedback 
from a therraoresistor. We will refer to this temperature du­
ring the experiments as standard temperature (T ). Its value 
is the same as the acclimation temperature at which the ani-
capsule using a thermocouple, DC amplifier and the computer 
AD converter. Nerve action potentials from single primary 
.luclitory Fibres arc recorded by a glass microelectrodc, am­
plified. displayed on a monitor oscilloscope, fed to an au­
ditory monitor, transformed to unitary impulses by a level 
discriminator and pulse generator and fed to the 16 bit in­
put register of the computer to mark an event and to the 
quartz clock to mark the time of occurrence of the event 
with an accuracy of 100, 10 or 1 ys. 
Sound pressure at the eardrum is measured using a calibra­
ted sound probe system. Sound stimuli are generated under 
computer control by a synthesizer, a gate and an attenuator, 
displayed on an oscilloscope and monitored acoustically» 
amplified and fed to a HD 414 Sennheiser headphone. Start 
and stop time of the tone burbt,as well as the zero cros­
sings of the sound carrier frequency are fed to the compu­
ter for time and synchronization marking. The whole system 
is placed under the control of a master clock and pulse ge­
nerator . 
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mals were kept in the animal house. Larger deviations oc-
curred when the box was opened. The inner ear temperature 
was varied by warming or cooling of the head of the animal. 
For this purpose a small metal box (thermode) was placed in 
the oesophagus at the level of the inner ears and plastic 
tubing was wrapped around the head and neck. The thermode 
and tubings could be flushed with warm (35 C) or cold (50C) 
water. 
The temperature of the inner ear was measured via the thermo-
couple, whose output voltage was amplified, converted to a 
digital value and stored together with neural data on the la-
boratory computer. The thermocouple and all other thermal 
equipment were calibrated by comparison to a normal labora-
tory-thermometer. 
An example of the time course of the inner ear temperature 
in a 550 g caiman using this equipment during maximal conti-
nuous cooling and warming is given in Fig. 2. 
A Sennheiser HD 4-14· headphone and a home-made equalizer 
were used for acoustic stimulation in an open sound system. 
The phone was mounted over the eardrum of the animal. The 
sound pressure at 1 mm from the central part of the convex 
tympanic membrane was measured using a calibrated Brii'el and 
Kjaer sound probe microphone system. The frequency response 
of the sound system in situ from one experiment is shown in 
Fig. 3. Intensities at frequencies below 150 Hz and above 
2500 Hz were corrected for the frequency roll-off of the sys-
tem during the experiment by using lower attenuator settings, 
or afterwards by taking the actual intensity for a given set-
ting. Sound stimuli consisted of trapezoidally shaped tone 
bursts of 100 ms duration. Rise and fall time were 5 ms each. 
The repetition rate was 5 Hz leaving a pause of 100 ms between 
the individual bursts. Carrier frequency and burst amplitude 
were varied from pseudorandom tables in the controlling com-
puter software. Actual frequency values were within 0.5 Hz 
of the preset values. Actual intensity values were within 
2 dB of the preset values in the frequency range 150-2500 Hz. 
- ζ ι -
TIME [min] 
fig. 2. 
Temperature change as a function of time during maximum coo­
ling and warming of the head of a 550 g specimen of Caiman 
crocodilus. 
Each dot represents a temperature measurement taken from a 
thermocouple, one joint of which was inserted between the 
auditory nerve and the bone at the entrypoint of the nerve 
in the otic capsule. Maximum cooling rate was -0.8oC/min, 
maximum heating rate 1.30C/min. 
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fig. 3. 
Ft equency response of tho open sound system, measured in 
situ at 1 mm from the centre of the eardrum in Caiman cro-
codilus. 
The sound levels are given for pure tones at the maximum 
output level of the system in dB relative to 20 uPa (dB SPL), 
Three different programs were used: 
1. The receptive field or response area of a single unit was 
deternined by scanning a matrix of different frequencies 
and intensities and counting the neural responses during 
the tone bursts and in the pauses between the tone bursts. 
The frequency resolution was 1/24 octave and the intensity 
resolution 3 or 5 dB (RIFTS). 
2. The iso-intensity frequency response of single units at 
10 dB above their thresholds at best frequency (BF, see 
below) was determined using a series of tone bursts of the 
same intensity and pseudorandomly varied frequency with a 
resolution of 1/24 octave (BESTFR). 
3. The iso-frequency intensity response of single units at 
their BF was determined using a sequence of tone bursts 
with the same frequency and pseudorandomly varied inten-
sity with a resolution of 1 dB (THRESH). 
Dwell-time per setting could be increased by repeating the 
various scans. Tones were generated by a Rockland 5100 
programmable frequency synthesizer. A home-made gate and 
attenuator were used to shape the tone bursts. Signal sup-
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pression in the pauses was enhanced by switching the fre­
quency to DC, allowing iso-frequency intensity scans over 
a large intensity range. Hardware settings were controlled 
on-line by a DEC PDP 11/34 computer, interfaced as indi­
cated in Fig. 1 . 
Glass micropipettes filled with 3 M KCl, impedances from 
5-100 ΜΩ, tip diameters below 1 um, were inserted in the au­
ditory nerve under visual control and advanced with a Wells 
microdrive hydraulic system from outside the sound attenua­
ting box. 
Single-unit activity from primary auditory fibres was ampli­
fied and converted to unitary impulses. The time moments of 
the occurrence of the neural action potentials were stored 
in the laboratory computer together with the stimulus para­
meters and the inner ear temperature. Data was processed 
off-line to produce temperature courses of the inner ears, 
average spontaneous rate (SR), response area, iso-output 
functions, frequency threshold curves (FTC, tuning curves), 
characteristic frequency (CF), threshold at CF (CF-threshold), 
best frequency (BF) at 10 dB above threshold, threshold at 
BF and Q-injü (Kiang et al. 1965) all as a function of the 
inner ear temperature. All threshold criteria were an in-
crease in the response rate of 50ί above the actual spon­
taneous rate. 
Spontaneous rate was determined as the average firing rate 
in the pauses between the tone bursts. 
The iso-intensity frequency functions (see Fig. 13) were 
smoothed by applying a rectangular filter on their Fourier 
transform. Subsequent inverse Fourier transformation produ­
ced the smooth function whose maximum was defined as the BF. 
The iso-f requency intensity functions (see Fig. 14·) were 
smoothed in the same way after they had been mirrored about 
the ordinate at the highest intensity to produce a function 
without conspicuous discontinuities when periodically ex­
panded. The intensity at which the smooth iso-frequency inten­
sity function crossed the threshold criterion was taken as 
the threshold at BF (BF-threshold). 
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The response area (see Fig. 7) was smoothed using a two-
dimensional weight function. The weight function was calcu­
lated by rotating a Hanning window (see e.g. Blackmann and 
Tukey 1958) about its center. From the smoothed response 
area FTCs and higher iso-output functions were determined. 
From the FTCs the CF, the CF-threshold and the sharpness 
of tuning (t^odB a n < i ^20dB^ w e r e defined. 
Details of these procedures are given in the appropriate 
results section. 
RESULTS. 
Four specimens of Caiman crocodilus were used for the 
temperature experiments. From two animals only partially 
useful neural data were obtained. In a third animal neural 
data from 78 single primary auditory fibres were collected, 
21 of which gave partially useful data, 6 gave complete re­
sults. In the fourth animal complete data were obtained 
from 80 single fibres out of 135· Recordings were made in 
a temperature range from 10-35 C. In many single fibres 
temperature was changed over this whole range, sometimes 
both up and down. 
Spon Laneotis activity. 
The spontaneous activity of the single fibres is tem­
perature dependent. The changes of the average spontaneous 
rate, calculated from the 100 ms pauses between the tone 
bursts used for stimulation over a time span of 15-30 s 
is shown in Fig. 4. Although the scatter is large, the 
general trend is a linear increase of spontaneous rate 
with temperature over the whole range investigated. The 
slope varies from 0.2 imp/s/ С for low spontaneous units 
to 3.5 imp/s/ С for high spontaneous units. 
With respect to spontaneous rate, the fibres can be sepa­
rated in two populations, a group with low spontaneous 
rate and one with high spontaneous rate. This se-
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paration is maintained over the whole temperature range 
and the "missing" spontaneous rate, which separates the two 
groups goes down with decreasing and up with increasing 
temperature in the same way as the actual spontaneous ra­
tes within each group. 
At 27 C, the normal temperature of the animals during the 
experiment (T ), the separation-rate is at 20 imp/s/ C. 
s 
At temperatures below 11 С spontaneous activity stops in 
all fibres. This effect was accompanied by a strong reduc­
tion in amplitude and broadening of the action potentials 
but completely reversible as temperature was increased again, 
The data from Fig. 4 are plotted in Fig. 5 on a logarithmic 
ordinate to illustrate that despite the large scatter it is 
incorrect to conclude an exponential relationship between 
spontaneous rate and temperature since then the graphs in 
the latter figure would illustrate straight lines. Fig. 6 
illustrates the linearity of the increase in spontaneous 
rate with temperature for a single unit. It also shows the 
reversibility of the cooling and heating effects. 
Response area. 
The tuning curve or frequency threshold curve is an iso­
rate output function of the neuron. The threshold rate is an 
arbitrary increment of the firing rate above the average 
spontaneous rate. Since in our experiments the spontaneous 
rate changes as temperature is changed, the threshold out­
put rate for the same neuron will differ at different tempe­
ratures as well. We therefore have chosen a threshold crite­
rion which is proportional to the spontaneous rate and not a 
fixed increase in spike counts. 
The procedure to obtain the tuning curve of a single fi­
bre will be described on one example: First the response area 
of the primary fibre was measured (RIFTS, see methods). Fig. 7 
shows the responses of the fibre to tone bursts as a function 
of tone burst frequency and intensity. The frequency resolu­
tion is 24. logarithmically equidistant points in one octave 
and the intensity resolution is 5 dB. The length of each bar 
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Fig. 4. 
Spontaneous firing rate of 135 single primary auditory fibres 
from the same Caiman crocodilus as a function of head tempe­
rature. 
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Fig. 5. 
Spontaneous firing rate of 135 single primary auditory fibres 
as a function of temperature. Same data as in Fig. 4 but on 
a logarithmic ordinate. 
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Fig. 6. 
Spontaneous firing rate of a single primary auditory fibre 
in Caiman crocodilus as a function of temperature. 
The solid line represents cooling, the dashed line rewar-
ming of the head. The numbers are minutes after first con­
tact with the unit. The linear regression line is 
SR = 2.97 Τ - 37.3. The correlation is significant at the 
1% level (p = 0.97 η = 56). See text. 
represents the average firing rate during each tone burst. 
The total sampling time was 146 a, 73 в for tone bursts and 
73 s for spontaneous rate. The measurement was made at 25.30C. 
Spontaneous rate was 39 imp/s. The maximum response rate was 
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300 imp/s. 
The response area is a two-dimensional function of tone 
burst frequency and intensity (R(F,I)). This function was 
low-pass filtered using a circular two-dimensional weight 
function with a Henning envelope. First the response area 
was interpolated linearly along the intensity axis in 1 dB 
steps. Then a weight-matrix was calculated by rotating the 
Hanning function with a width of 13 points, giving each point 
in the (rectangular) matrix its appropriate value, dependent 
on its distance from the centre of the window. Finally the 
smooth response area function was calculated by assigning 
to each R(F,I) the weighted average of all points within the 
weight-matrix, centered at (F,I). The width of the weighting 
function corresponds to 0.5 octave along the logarithmic sti­
mulus-frequency abscissa and to 12 dB along the intensity or­
dinate. The resulting smooth response area had fastest oscil­
lations along the stimulus-frequency abscissa with a period-
length of 0.25 octave and along the stimulus-intensity ordi­
nate with a period length of 6 dB. These values were deter­
mined empirically to meet two conflicting requirements. One 
is to make the filtered response area as smooth as possible 
in order to obtain a smooth tuning curve. This has the conse-
quency that the response area broadens. The other is to pre­
vent this broadening to a level below the threshold criterion 
used. It must be stressed at this point that filtering proce­
dures were identical for all data presented here. From the 
filtered response area iso-output functions were plotted. For 
the fibre in the example they are plotted in Fig. 8. The out­
put rates were chosen as {(1+7-)SR | η = 0,1,2...} where SR is 
the spontaneous rate of 39 imp/s at the actual temperature of 
25.3 C. The continuous line is the iso-output function for 
η = 2 which corresponds to a response rate of 50% above the 
spontaneous rate. In this particular case this corresponds to 
an increase of the firing rate from 39 imp/s to 58.5 imp/s 
or an increase of 1.95 imp/tone burst. All threshold values 
referred to in this report are defined on basis of a 50^ 
increase above the actual spontaneous rate. Thus the iso-rate 
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Fig. 7. 
Response area of a single primary auditory fibre of Caiman 
crocodilus at 25.3 С when stimulating with trapezoidally 
shaped tone bursts of 100 ms duration including 5 ms rise-
time and 5 ms fall-time, and repetition rate of 5 Hz. 
The carrier frequency and the intensity were varied pseudo-
randomly. Each bar represents the response to tone bursts of 
a given frequency and intensity indicated on the abscissa 
and the ordinate. The length of the bar represents the ave­
rage response rate during the tone burst. One division on the 
ordinate corresponds to 300 imp/s and 5 dB. Frequency reso­
lution is 1/24 octave, intensity resolution 5 dB. The spon­
taneous firing rate of this unit was 39 imp/s. 
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function for η = 2 is defined aa the tuning curve of the 
primary fibre. The CF of the unit is 34-3 Hz (resolution 
1/24 oct), the threshold at CF is 24 dB SPL (resolution 
1 dB, linearly interpolated from steps of 5 dB), the Q-|QdR 
(CF/bandwidth at 10 dB above threshold) is 3.5. The large 
dots in Fig. 8 represent BF at each intensity level. The BF 
is not always an invariant function of intensity as it is 
in this example. Cases where BF increases with intensity, 
as well as where it decreases with intensity or even forks 
at high intensities are also found. 
With this method we succeeded to collect data from 23 
single primary auditory fibres in the same animal that ful­
filled the selection criteria. These were: The recording of 
at least two complete response areas at two different tem­
peratures from the same fibre with a minimum temperature 
difference of 20C. Secondly the temperature change during 
the recording of each response area had to be smaller than 
0.50C. 
Fig. 9a shows the iso-output functions of the example single 
fibre at five different temperatures. The fourth panel from 
the top in Fig. 9a (25.30C) is identical to Fig. 8. The tu­
ning curves taken from the iso-output graphs again are the 
iso-rate functions with a rate 50% above the spontaneous rate 
at the given temperature. They are redrawn together for com­
parison in Fig. 9b. This result shows qualitatively the effect 
of temperature on the primary fibre tuning properties as it 
is found in all fibres. The CF increases with temperature. 
Thresholds are lowest at a temperature between 21.5 С and 
31 C. Below this temperature optimum the thresholds decrease 
with temperature and above the optimum they increase again 
with temperature. The response areas shift nearly uniform 
with temperature. CF-region and off-CF-region are not dif­
ferently affected. This is also the case for threshold- and 
supra-threshold areas. 
Characteristic frequency. 
The CFs obtained from the tuning curves of the single fi-
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Fig. 9a. 
Iso-rate functions from the res­
ponse area of a single primary 
auditory fibre in Caiman croco-
dilus at 5 different temperatures 
of the head. 
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bres as a function of temperature are plotted in Fig. 10a 
and 10b. Data obtained from the same fibre are interconnec­
ted by solid lines. Each dot represents a CF obtained from 
a complete response area scan as described above. In Fig 10a 
the CFs as a function of temperature are plotted on a loga­
rithmic ordinate. In Fig. 10b the same data are plotted on 
a linear ordinate. 
The CF of all primary fibres increases with temperature. Over 
a large temperature range shifts of far more than one octave 
occur (Fig. 10a). Viewed on an octave scale as in Fig. 10a 
the effect of temperature on CF is similar for all fibres, in­
dependent of their CF at Τ (27 С), since the curves for units 
with different CF at Τ differ only by a vertical shift on the 
octave axis. Going from the lowest temperature tested to high­
er temperatures the increase in CF per unit of temperature 
change becomes progressively smaller and it appears that at 
temperatures above 33 С there is an asymptote. Much higher 
temperatures are impossible to test without damage to the ani­
mal however. The CF-shift varies from 0.14 oct/0C at the lo­
west temperatures to 0.02 oct/ С at the highest temperatures 
(rough estimates from Fig. 10a and 16a). Viewed on a linear 
ordinate (Fig. 10b) the CF of each single fibre increases 
nearly linearly with temperature, but the increase per unit 
of temperature change is larger for units with larger CF at 
Τ . It must be mentioned already here, but will be discussed 
later, that the temperature effects shown are not biased by 
hysteresis during heating or cooling. In addition they are 
not time-dependent and they were always completely reversible, 
when tested. 
CF-thresholds. 
The CF-thresholds, obtained from the tuning curves of the 
single fibres as a function of temperature are shown in 
Fig. 11. All fibres show a similar dependency of their CF-
thresholds on temperature, irrespective of their CF-threshold 
at Τ . There appears to be an optimum temperature between 250C 
and 30 C, where the thresholds are lowest. Below this tempera-
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ture the thresholds decrease with temperature at a rate of 
about 2 dB/ С although at the lowest temperatures the effect 
is somewhat stronger. Above the optimum temperature there is 
in at least three fibres an indication that thresholds de­
crease again with temperature (cf. Fig. 17b, 18). 
Sharpness of tuning. 
From the tuning curves two criteria for the sharpness of 
tuning were defined: the Q-iQjg and (where possible) the Q^nja 
that is the CF divided by the bandwidth of the response area 
(threshold criterion 50ί increased response rate above spon­
taneous activity) at 1OdB and 20dB above CF-threshold res­
pectively. The dependency of Q-IQJD of single auditory primary 
fibres on temperature is shown in Fig. 12a. Results from each 
fibre are interconnected, each dot represents a value obtai­
ned from a complete response area scan. The Q-IQJD shows only 
a very weak dependency on temperature, only at the very lo­
west and at the very highest temperatures Q-IQJD becomes slight­
ly smaller indicating loss of sharpness of tuning. In order to 
obtain values with less scatter than in Q-iQdB' ^ ^e QpodB v a -
lues as a function of temperature are plotted (Fig. 12b).Al­
though they are of course smaller they show less scatter com­
pared to the Q-IQJD values as is expected from the larger accu­
racy with which they can be measured. 
The Q-iQjg values obtained at Τ are smaller (0.8-3.6) than the 
^ШгіВ
 v a l u e 3 obtained by Pause (1978) and Klinke and Pause 
(1980) for fibres in the same frequency range (250-850 Hz) at 
the same temperature. They found values from 1.5-5 using a 
Békésy-audiogram tracking technique to obtain their single 
fibre tuning curves. 
iterative algorithm. 
In the cooling or heating periods between the recordings 
of the response areas an iterative algorithm was used to ob-
tain fast recordings of threshold and BF, to get detailed in-
formation on the temperature course of these entities. Star-
ting from CF and CF-threshold from a response area scan an 
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Fig. 10a. 
CF of single primary auditory fibres of the same caiman ear 
as a function of head temperature. 
CF is determined from response area scans (see methods). Data 
from each single fibre are interconnected, Cf. Fig. 16a. 
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Fig. 10b. 
As Fig. 10a but with linear ordinate. 
Cf. Fig. 16b. 
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Fig. U. 
CF-thresholds of single primary auditory fibres of the same 
caiman ear as a function of head temperature. 
Data from each single fibre are interconnected. Cf. Fig. 19, 
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iso-intensity frequency scan was made at 10 dB above the CF-
threshold and the BF was determined on-line. Next an iso-
frequency intensity scan was made at the determined BF and 
from this the BF-threshold was obtained on-line as well. The 
next step was to define BF at the new intensity 10 dB above 
the latest BF-threshold, then the new BF etc. This procedure 
was iterated during the slow cooling or warming. Data sets 
during which temperature changes were larger than 0.5 С were 
rejected. An example of such a best frequency scan is given 
in Fig. 13· The ordinate shows the average response rate of 
a single primary fibre to tone bursts of a fixed intensity 
(10 dB above the latest threshold) and pseudorandomly varied 
carrier frequency. The scan was repeated L, times resulting in 
a total sampling time of 4.00 ms per tone burst and Д00 ms per 
pause. The sampling time for a single scan was 14·4 s. To al­
low on-line programmed definition of the BF the response func­
tion was smoothed by applying a rectangular filter on its 
Fourier-transform. Subsequent inverse Fourier-transform pro­
duced the smooth iso-intensity frequency function. The cut­
off point of the rectangular filter was chosen as 1/8 of the 
Nyquist frequency (Marmarelis and Marmarelis 1978), 1/8·1/2Δ3 
where AS is the logarithmic frequency resolution of 1/24 octa­
ve along the abscissa. The fastest oscillations in the smooth 
iso-intensity frequency functions thus have period length of 
0.67 oct. The maximum of the resulting curve (solid curve in 
Fig. 13) was taken as the BF. The horizontal line represents 
the spontaneous rate at 25.6 С from the pauses between the 
tone bursts, the vertical line the determined BF. 
An example of the threshold scan, made from the same fi­
bre as in Fig. 13, immediately after the BF scan, is shown 
in Fig. 14· The ordinate shows the average response rate to 
tone bursts with frequency as determined from the preceding 
BF scan and pseudorandomly varied intensity. The scan was re­
peated 4 times resulting in a sampling time of 400 ms per 
tone burst and per pause. The sampling time for a single scan 
was 16 s. To allow on-line programmed definition of the thres­
hold the response function was mirrored about the ordinate at 
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the highest intensity and then smoothed with the Fourier 
algorithm described above. The cut-off point was set at 
1/8 · 1/2Δ3 as in the BF scans but now US is the intensity 
resolution of 1 dB along the abscissa. The fastest oscilla­
tions in the smooth iso-frequency intensity functions thus 
have a period length of 16 dB. The threshold was defined 
going from high to low intensities as that intensity where 
the filtered response function (solid curve in Fig. 1Д) 
drops below a rate of 50% above the spontaneous rate. The 
horizontal line in Fig. 14. represents the spontaneous rate 
at 260C from the pauses between the tone bursts. The verti­
cal line represents the determined BF-threshold. 
Best frequencies. 
The filtered iso-intensity frequency response functions 
at 10 dB above the latest threshold for one single primary 
auditory fibre as a function of temperature are presented in 
Fig. 15a. The offset resulting from the average spontaneous 
rate at the current temperature is subtracted from each cur­
ve in order that the base line of each curve corresponds to 
the actual temperature at the ordinate. The curves thus re­
present the change of the response rate as a function of fre­
quency and temperature. The BF from each curve is indicated 
by a tick at the maximum. The BFs shift to higher frequen­
cies as the temperature is increased, and the sound evoked 
response rate increases with temperature. 
The BFs obtained from these BF-scans are plotted as a functi­
on of temperature in Fig. 15b, where the solid line is a mo­
ving window average from the data. The results show that at 
low temperatures the effect of temperature on BF is stronger 
and gradually decreases towards the higher temperature. The 
shift of BF over the temperature interval from 150C to 310C 
is more than an octave. 
The BFs of primary auditory fibres obtained with this method 
are plotted in Fig. 16a and 1бЪ. Data obtained from the same 
fibre are interconnected by solid lines, each dot represents 
the result of a BF scan as described above. 
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In Fig. l6a the BFs as a function of temperature are plot­
ted on a logarithmic ordinate and in Fig. 16b on a linear 
ordinate. A comparison with the results from CF (Fig. 10a 
and b) shows the complete agreement of the results from 
both methods and illustrates again the uniformity in the 
shift of the response areas as a function of temperature, 
independent of intensity. On the logarithmic ordinate the 
average shift of BF is 0.1Д oct/ С at the lowest temperatu­
res and the shift decreases to 0.02 oct/ С at the highest 
temperatures. On the linear ordinate it becomes clear that 
BF changes nearly linearly with temperature. Especially for 
fibres with intermediate BFs at Τ the BF in the higher tem­
perature range deviates from the straight line. The BF-
shift with temperature in these fibres is somewhat smaller 
at higher than at lower temperatures. 
Taking the results from Fig. 10 and 16 together and as­
suming a linear relation between BF (or CF) on the one hand 
and temperature on the other hand, which strictly spoken 
does not hold for the highest temperature range, it is pos­
sible to derive a simple formula for the expected BF of any 
primary fibre at a certain temperature, if the BF at (for 
instance) Τ is known. 
Extrapolating the curves describing the BF and CF as a li­
near function of temperature towards the origin shows that 
all lines pass through a common point at 5 С where BF and 
CF would be equal to zero, whatever that may mean. It is 
shown before that all fibres become silent well above this 
temperature (already when temperature drops below 11 C). 
Fig. 15a. 
Array of iso-intensitу frequency response curves of a single 
primary auditory fibre of Caiman crocodilus as a function of 
the head temperature. 
Each curve is obtained from a BF-scan (see Fig. 13) and plot­
ted after subtraction of the average spontaneous rate. Each 
curve is drawn with an offset in Fig. 15a to intersect the 
ordinate at the temperature at which the measurement was ma­
de. The BF determined from each curve is indicated by a small 
tick at the maximum. 
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Fig. 15b. 
BF at 10 dB above threshold for one single primary auditory 
fibre of Caiman crocodilus as a function of head temperature 
from the same data set as fig. 15a. The solid line is a mo­
ving window average. 
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animals (270C) 
Τ : Temperature whereabout all lines inter-
sect (5 C) 
ς BFÍTJ 
For the shifts in octaves (S) it holds 2 = — (2) 
BF(T2) 
BF(T„) 
From (2) it follows: S(T..-T0) = log ( —)/log(2) (3) 
1
 ^ BF(T1) 
Τ -Τ 
With (1) this results in: SCT.-T,) = log (——^) /log(2) (4) 
ι ¿
 T T 
1 о 
Τ -Τ 
or: S(T -Τ) = log ( S) /log(2) (5) 
s о 
For instance a temperature change from 15 to 16 С according 
to the formula (4) would result in an S(15-l6) = 0.14 oct 
and a change from 30oC to 310C in an S(30-31) = 0.06 oct. 
This is in good agreement with the experimental results at 
lower temperatures, but the predictions from the formula re­
sult in too high values in the upper temperature range as ex­
pected. 
SF-threshoids. 
The filtered iso-frequency intensity functions measured 
at the latest BF for one single primary auditory fibre as a 
function of temperature are shown in Fig. 17a. As for the 
BF-scans the offset due to spontaneous rate has been subtrac­
ted from each curve so the curves intersect the ordinate at 
the temperature at which the measurement was made. The 
thresholds at 50% increased response rate above the actual 
spontaneous rate are indicated by small ticks in each curve. 
An example is chosen where it is very clear that in the lower 
temperature range the thresholds at BF decrease with tempera­
ture whereas above the optimum, which is between 25 С and 
30 C, thresholds increase again with temperature. 
The thresholds obtained from this set of data are plotted as 
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Fig. 16a. 
BF of single primary auditory fibres of the same Caiman croco-
dilus ear as a function of head temperature. 
Data from each single fibre are interconnected. Cf. Fig. 10a. 
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Fig. 16b. 
As Fig. 16a but with a linear ordinate. 
An approximate description of the BF of a fibre at a given 
temperature can be given by BF(T) = BF(T )·(T-5)/22 (see 
text). Cf. Fig. 10b. S 
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a function of temperature in Fig. 17b. Although the scat­
ter is rather large there is a clear general tendency. Loo­
king at the solid line, the optimum is located at 260C. 
Threshold changes of 30 dB occur in the temperature range 
of 15-25 С and the increase of thresholds above the optimum 
looks hardly smaller. 
The thresholds of the primary auditory fibres obtained with 
this method are plotted in Fig. 18 as a function of tempera­
ture. Data from single fibres are interconnected. The scat­
ter is seen to be very large and may be a reflection of the 
large scatter in the spontaneous activity (Fig. 4·) influen­
cing the threshold criterion. The general tendency of the 
results substantiates the findings from the tuning curve 
data (Fig. 11). The effects appear to be quite similar for 
fibres with high and low thresholds at Τ . An average taken 
over the total population (all these data are from the same 
animal) has a minimum at 28.2 С The average slope for the 
sub-optimal temperature range is -1.9 dB/ С and for the supra-
optimal temperature range 2.1 dB/ С. The latter value should 
be taken with some reserve, because of the small interval 
over which it was determined. 
The optimum temperature is very close to the Τ during the 
_ s 
experiments (27 C) and may be related to the acclimation tem­
perature of the animals which were kept in the animal house 
at water temperatures of 27-28 С and air temperatures of 
about 30oC. No measurements of the actual head temperature 
of the animals in the animal house were made however. 
Fig. 17a. 
Array of iso-frequency intensity curves of a single primary 
auditory fibre of Caiman crocodilus as a function of head 
tempera ture. 
Each curve is obtained from a threshold scan like the one in 
Fig. 14 and plotted alter subtraction of the average sponta­
neous rate. Each curve is drawn with an offset in the figure 
to intersect the ordinate at the temperature at which the 
measurement was made. Thresholds in each curve are indicated 
by small ticks. 
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Fig. 17b. 
Thresholds at BF of a single primary auditory fibre of 
Caiman crocodilus as a function of head temperature from 
the same data set as in Fig, 17a. 
The solid curve is a smoothed linear interpolation. 
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Fig. 18. 
BF-thresholds of single primary auditory fibres of the same 
Caiman crocodilus ear as a function of temperature. 
Data from each single fibre are interconnected. 
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DISCUSSION. 
Temperature changes. 
Temperature changes of the head of the caimans from 10-
350C occurred during the experiments whereas the body tem­
perature was practically unchanged in an ambient temperatu­
re of 270C. The water temperature in the animal house was 
also 27-280C and since the animals spent most of their time 
in the water, although basking platforms and infrared hea­
ters were available, they were probably acclimated to this 
temperature. This temperature is well within the preferred 
temperature range for the smaller animals which was found by 
Garrick and Garrick (1978) to be from 2b.i°C to 36.4Ο0 and 
on the lower end of this range for the largest animal (550 g). 
Diefenbach (1975) found for caimans of this size a range of 
28.5-31.50C. The tolerance range of Alligatoridae (the caiman 
belongs to this family) is much larger. On the high tempera­
ture side the lethal limit is 38-39 С and on the low tempera­
ture side the border is much less sharp but goes down to at 
least 12-150C (Colbert et al. 19Д6). Young caimans are even 
found to be able to vocalize at temperatures as low as 9 С 
(Garrick and Garrick 1978). Thus the extremes of cooling and 
warming are well within the tolerance range of the animals. 
The temperature of the heating medium (350C) was deliberately 
chosen well below the upper tolerance limit, to avoid all 
possible damage even at the tissues in immediate contact with 
tho heating system in mouth, oesophagus and the skin of the 
head and neck. The temperature of the cooling medium (5 C), 
being well above 0 C, was probably high enough to prevent 
such damage as well. The tolerance limits given by Colbert 
et al. (194-6) are cloacal temperatures and the authors men­
tion that this temperature during cooling or heating lags 
behind the more peripheral temperature of the animal. So both 
the lowest and highest temperatures used do not represent 
harmful situations to the animal. 
Only the head temperature of the animals was changed, 
since whole body temperature changes would have taken too 
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long to allow successful measurements on single fibres over 
a wide range of temperatures. As a consequence of this, dif­
ferences in head and body temperature of the animals were 
produced. Such differences do occur in natural situations as 
well, due to the thermoregulatory behaviour of the animals, 
especially when the body is submerged and the head is out of 
the water or when the animals actively look for hot substra­
tes to absorb heat through their ventral skin (Smith 1979). 
Campbell (1969) found that in lizards the body warms faster 
than the head and that differences between head and body 
temperature did not change auditory sensitivity, which solely 
depended on head temperature. The differences in temperature 
between head and body in the extremes of temperatures used in 
the present experiments may have been larger than in the na­
tural behaving animal, but they were of rather short duration 
and the range of the head temperatures as well as the tempe­
rature of the cooling and heating medium were well within sa­
fe limits (see above). 
The rates of temperature change were maximally 1.3 C/min 
during heating and -0.8 C/min during cooling (see Fig. 2). 
Although the gradient for cooling (actual temperature minus 
50C of the cooling medium) was larger than that for heating 
(actual temperature minus 35 С of the heating medium) and 
both media passed through the identical equipment attached 
to the animal, animals warmed faster than they cooled. This 
also is reported in the natural situation (Smith 1979)· Si­
milar voluntary rates of heating and cooling are observed in 
free moving small caimans in a thermal gradient (Diefenbach 
1975) and in small alligators (Smith 1976). The values in 
large alligators are slightly lower (Colbert et al. 19¿6). 
A relation between size and rate of heating and cooling 
exists in caimans (Diefenbach 1975; Smith 1979) and in other 
reptiles. In lizards of much smaller body size than caimans 
heating rates of up to 5 C/min and cooling rates of up to 
1.50C/min are found (Claussen and Art 1981). The rates of 
temperature changes during the experiments in caiman were 
mostly much lower than the maxima shown in Fig. 2 and thus 
- s e ­
a t all instances within a range occurring in normally be­
having animals. 
Finally the properties of the primary auditory fibres 
in caiman during the temperature experiments were unchanged 
with respect to threshold and sharpness of tuning from the 
beginning of the experiments till up to seven days later 
and all effects of temperature were fully reversible. 
We therefore can be fairly sure that the effects of tempera­
ture on the primary fibre properties are not due to indirect 
influences of damage or poor physiological condition of the 
animal due to the temperature changes and experimental pro­
cedure. 
Spontaneous activity. 
The average spontaneous rate in caiman shows a near-
linear relation with temperature. It is unknown where and 
how spontaneous activity in the auditory system is generated. 
Two current theories are that the spontaneous activity is 
due to statistical variations in the membrane potential of 
the postsynaptic neural dentritic membrane or due to sta­
tistical quantal release of transmitter substance from the 
presynaptic hair cell membrane (Kiang et al. 1965; Manley 
and Robertson 1976; Furukawa and Matsuura 1978; Furukawa et 
al. 1978). Metabolic dependency of spontaneous rate is also 
demonstrated in the ganglion cells of the guinea pig where 
Manley and Robertson (1976) found that hypoxia simultaneous­
ly decreases average spontaneous rate, CF-sensitivity, scala 
media potential and summating potential. In crayfish moto­
neurons spontaneous firing rate has a maximum at 19 С and 
decreases both below and above this temperature (Aréchiga 
and Cerbón 1981). The decrease of spontaneous rate with high 
temperatures has been attributed to the increased hyperpola-
rization of the cells due to increased activity of the sodium 
extrusion system in excess of the increased passive sodium in-
flux into the cell (Aréchiga and Cerbón 1981). A decrease of 
spontaneous rates at high temperatures was not observed up 
to 3U С in our caiman experiments. Cooling and anoxia also 
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decreases the amplitude of excitatory postsynaptic potenti-
als at the synapse between hair cells from the sacculus and 
the eight nerve in the goldfish (Ishii et al. 1971). Tempe-
rature changes generally change the properties of synapses 
and nerve cells in a complex way. Transmitter release be-
comes more dispersed and delayed in time when temperature is 
lowered (Katz and Miledi 1965; Barrett and Stevens 1972? 
Furukawa et al. 1972), diffusion of transmitter and the ki-
netics of the reaction between transmitter and postsynaptic 
receptors become slower (Katz and Miledi 1965). Resting po-
tentials and sodium/potassium permeabilities change with 
temperature to cause a depolarization when active transport 
is blocked (e.g. Hodgkin and Katz 1949; Hodgkin et al. 1952; 
Frankenhäuser and Moore 1963; Guttmann 1966; Carpenter and 
Alving 1968; Gorman and Marmor 1970; Marmor and Gorman 1970). 
Conduction velocities decrease with cooling, action potenti-
als become smaller and broader in time (Tasaki and Spyropoulos 
1957; Hutchinson et al. 1970; Swadlow et al. 1981), sometimes 
action potentials and nerve conduction also rapidly decrease 
with high temperatures dependent on the normal temperature 
of the species (Hodgkin and Katz 194-9; Ishiko and Loewenstein 
1961). At very low temperature nerve activity may be blocked 
at temperatures between 3.4 С and 12 С (Forbes and Ray 1923; 
Chatfield et al. 1948; Harrison I965). Axonal transport me­
chanisms change with temperature (Ochs 1972) and axonal trans­
port stops below 5 С (Forman et al. 1977). In addition cochlear 
potentials change with temperature (see Introduction). 
Kauffmann (1974) found independence of CM above 130C, CM" 
was temperature independent above 22 С and decreased linearly 
below this temperature. After cooling below 12 С irreversible 
changes occurred. All effects of temperature reported in the 
present work were fully reversible. The finding that all units 
become silent below 11 С agrees with the values of 3-4-12 С 
found in mammals. Manley and Robertson (1976) relate the de­
crease in spontaneous rate under hypoxia in guinea pig fibres 
to a decrease in standing current due to changes in the scala 
media potential. Such an explanation cannot hold for the cai-
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man since Kauf f mann (1974·) found no changes in the very-
small EP in caiman with temperature. Interestingly CAP 
in birds is not changed by application of furosemide (Wit 
and Bleeker 1982,1983; Schermuly et al. 1983) whereas it 
is in mammals (Klinke et al. 1981), and it is discussed 
whether this is related to differences in the EP (Evans and 
Klinke 1982b; Schermuly et al. 1983). 
Probably all of the temperature dependent processes described 
above will have some kind of influence on the relationship 
between the spontaneous firing rate and the temperature. Most 
of them will tend to increase the spontaneous rate at higher 
temperatures. For instance larger EPSPs, less dispersed 
transmitter release, thus better summation, faster diffusion 
of transmitter, faster postsynaptic reaction kinetics, higher 
conduction velocity of larger and narrower action potentials, 
thus shorter possible intervals. Since many biochemical re-
actions are involved, which normally have high thermal Q va-
lues one might expect, that the spontaneous rate should rise 
faster than linearly with temperature. That this is not the 
case can possibly be explained by the counteraction of pro-
cesses that tend to decrease the spontaneous rate. An example 
of such a process is the reduction of spontaneous rate in 
the crayfish (Aréchiga and Cerbón 1981) as a result of hyper-
polarization due to increased active sodium extrusion which 
has a high thermal Q in excess of increased passive sodium 
influx in the cell having a low thermal Q. Another indication 
of such counteracting mechanisms may be the rise in threshold 
at the highest temperatures that will be discussed later. 
The primary fibres in caiman can be divided into two po-
pulations with respect to the average spontaneous rates. Both 
populations show a very similar dependency on temperature and 
the separation is maintained over the whole frequency range. 
Two populations with respect to spontaneous rate are also 
found in mammals (Kiang et al. 1965; Evans 1972; Manley and 
Robertson 1976; Liberman and Kiang 1978; Libermann 1978; Kim 
and Molnar 1979) and were described before in the caiman by 
Pause (1978) and Klinke and Pause (1980). Their experiments 
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were performed at about 27 С and the break between the two 
groups is at 20-25 imp/s, as it is in the present results 
at Τ . The fact that in the pooled data from more animals 
s
 r 
the separation in two groups appears far less clear in their 
data may reflect differences in the temperature at which the 
experiments were performed or differences in the acclimation 
temperature of the animals. Finally inter-individual diffe­
rences cannot be excluded although in our experiments (see 
chapter III, Fig. 5) the same distribution in different ani­
mals was obtained at the same temperature. In the pigeon two 
populations of primary fibres with respect to spontaneous 
firing rate were not found (Sachs et al. 1974·)· As units with 
low spontaneous rates are rare in the pigeon it looks as if 
the group with low spontaneous rate is missing. The number 
of fibres with low spontaneous activity is much smaller than 
the number with high spontaneous activity (Fig. 4 and 5). The 
most accurate results are from one animal where data from 
ЗД8 single fibres was obtained (chapter III, Fig. 5). Here 
28% of the fibres had spontaneous rates below 20 imp/s, the 
regaining 72% of 20 imp/s or more. This ratio is by no means 
comparable to the ratio of fibres innervating the IHC (^0%) 
and 0НС(60$) in the caiman (Cf. v.During et al. 1974; Klinke 
and Pause 1980). 
Geisler (1981) describes a model that predicts a bimodal 
distribution of spontaneous rates. The model assumes that 
spontaneous activity originates at the synapse between hair 
cell and afferent fibre, from a quantal release of trans­
mitter evoking unit-EPSPs (Cf. Furukawa and Matsuura 1978). 
The bimodal distribution results from the distribution of 
impulse thresholds. Units with thresholds below the unit-
EPSP have high spontaneous rates, units with thresholds abo­
ve have lower spontaneous rates, leaving a gap between the 
two. The effect of temperature on the distribution of the 
spontaneous rates of primary fibres as found in the caiman 
could be explained with this model under the sensible as­
sumption that EPSP amplitude decreases with lower temperature, 
as is shown to occur in the goldfish saccular nerve (Ishii et 
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al. 1971) and that the average quantal release decreasea 
with lower temperature. The former would shift the gap 
between the spontaneous rates to lower rates and the lat­
ter is responsible for the overall decrease of spontaneous 
rates. 
The scatter in the samples of the average spontaneous 
firing rates appears to increase as temperature increases. 
The measuring time intervals were typically one minute du­
ring recording of response areas and 15 seconds during fast 
scans for threshold or BF (see Fig. Ί, 13 and M ) , in seg­
ments of 100 ms between tone bursts. The scatter is not due 
to suppression after the tone burst responses as can be seen 
from comparison of the average spontaneous rate calculated 
from all pauses with the responses to subthreshold tone 
bursts in Fig. 7, 13 and 1Д. The spike interval distribution 
of spontaneous firing in mammals has great similarities with 
a Poisson distribution (Kiang et al. 1965). For a Poisson 
process the standard deviation equals the square root of the 
mean value (Bendat 1958). Since the mean spontaneous firing 
rate increases with temperature one would expect the scatter 
to increase as well. In Fig. 6 the expected standard devia­
tion for several mean firing rates is indicated. 35% of the 
samples deviate more than the expected standard deviation 
from the linear regression line. Fig. 6 illustrates that in 
the same fibre the scatter during cooling was much larger 
than during the subsequent rewarming, in the same temperature 
range. Fig. 22 illustrates that this must not always be the 
case. The scatter therefore appears not to be related to the 
temperature per se, and may possibly be caused by long-term 
fluctuations of the state of the fibres, that possibly oc­
curs independent of temperature. Such changes were observed 
at constant temperature in other caiman experiments (chapter 
III) when fibres were kept for a long time. This may be a 
normal physiological process. Another possibility is that a 
fibre's spontaneous firing rate was influenced by the recor­
ding electrode. Two findings support this notion: Firstly 
recordings at higher temperatures were less stable, most 
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units were lost in the high temperature range. Similar ef-
fects are reported in the gecko (Eatock and Manley 1981). 
Secondly several units were recorded whose firing rate 
kept increasing with time till a long burst of very high 
rate occurred during which the unit was lost. Almost never 
such units were kept and returned to normal spontaneous fi-
ring. The microelectrode recordings were made under visual 
control from the exposed nerve and the penetration depth 
was at most 2 mm. It seems reasonable to assume that the 
mechanical stability of this setup was lower when the head 
of the animal was at higher temperatures. 
Response area. 
The effect of decreasing temperature on the tuning pro-
perties of primary fibres is a uniform shift of the whole 
response area towards lower frequencies and higher intensi-
ties. Thus the CF and the CF-thresholds change, but the 
sharpness of tuning measured as Q-IQJD or QpodB r e m a i n s near-
ly unchanged. The infrastructure of the response area remains 
the same as well: higher iso-rate curves also shift uniformly 
with temperature. The shift obtained for any point within the 
response area is very similar (see Fig. 8 and 9)· The BF as 
a function of intensity within one tuning curve therefore al-
so shifts uniformly when temperature is changed (Fig. 9). The 
fact that data on shifts of BF and threshold with temperature 
give identical results independent of whether they are ob-
tained from complete response areas or from the BF sweeps at 
10 dB above threshold and the threshold sweeps at BF (Fig. 10, 
11,16,18) corroborate the uniformity of the shifts of the 
response area. 
The effects of temperature on the shift of the response area 
are independent of whether they were obtained while cooling 
the head or while warming it, so there was no hysteresis with 
respect to temperature changes. This fact is illustrated in 
Fig. 19 and 21 where measurements are made during cooling and 
rewarming. All data are from the same primary fibre, dots re-
present values obtained from fast BF-scans and the stars are 
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from tuning curve data. The results are not time dependent 
either since practically the same BFs are obtained in the 
same fibre at the same temperature after more than an hour 
time lapse and after cooling and rewarming over more than 
150C. The same holds for the threshold data (Fig. 21) al­
though the scatter is larger there, and for the spontaneous 
activity (Fig. 6 and 21). 
The scatter in the results with respect to BF, CF and espe­
cially thresholds deserves some comment. 
Fig. 20 shows the tuning curves obtained from the complete 
response area scans from the same primary fibre. The tuning 
curves are the iso-rate curves with rate 50% above the actual 
average spontaneous rate, computed from the filtered response 
area (see Results and Methods). This method of obtaining tu­
ning curves and the response criteria used may be arbitrary, 
but they are identical In each case and objective. The fre­
quency resolution of the first Д curves was only 1/6 octave 
and the intensity resolution 5 dB. The last curve at 31 С 
was obtained with the normally used resolution of '\/2b octave 
and 5 dB. The variation in the obtained CFs is small (within 
100 Hz or 1/6 octave) as is the variation in threshold (within 
5 dB) compared to the result with normal resolution. The reso­
lution of the fast BF-scans was the same as from the response 
area scans, but since no "spatial" averaging as in the tuning 
curve computation can be done the accuracy may be somewhat 
less (Ref. to Fig. 13). The resolution of the fast threshold 
scan was 1 dB, five times the resolution used in the response 
area scans, but again no "spatial" averaging can be applied 
and small deviations of the previously determined BF from the 
actual CF therefore may influence the result (Ref. to Fig. 
U ) . 
The scatter in the BF and threshold data therefore cannot be 
attributed to the algorithms with which they were defined. 
Hysteresis due to the speed of scanning, as reported by 
Kiang et al. (1970), Evans (1972,1979) and Taniguchi et al. 
(1976), cannot occur since the stimulus parameters were va­
ried in a non-systematic pseudorandom manner (see Methods). 
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Fig. 19. 
BF of one single primary auditory fibre of Caiman croco-
dilus as a function of temperature during cooling and re-
warming of the head. 
Each dot represents a BF measurement. The stars indicate 
CF obtained from a response area scan (see text). 
The main cause for the scatter in the threshold data origi-
nates probably from the large scatter in the spontaneous 
rates discussed before, even though threshold criteria pro-
portional to spontaneous rate were chosen (Cf. Libermann 
1978). This was necessary since spontaneous rate for the 
same unit varies as a function of temperature. 
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The Q-iQjQ sharpness criteria obtained at 27 С are gene­
rally smaller (between 0.8 and 3·6, average 2+0.7) than those 
obtained by Pause (1978) and Klinke and Pause (1980) which 
lie between 1.5 and 5 (average 3+1·1) for the same range of 
CFs (250-850 Hz, Cf. Fig. 10a). The difference between the 
present and their results is significant (t = 3.2 at the '\% 
level) but may be due to the different techniques used. They 
used a Békésy-audiogram tracking technique. 
The effect of temperature on thresholds shows an optimum 
sensitivity at about 28 C. This may be related to the accli-
mation temperature of the animals which was near the same va-
lue since water temperatures in the animal house were 27-280C 
and air temperature about 30 С Infrared heaters and basking 
platforms provided a possibility for the animals to warm up 
above these temperatures, but it was observed that they 
spent most of their time in the water and only seldomly dwel­
led on land in the direct radiation. 
A correspondence between optimum sensitivity and preferred 
temperatures is also observed in lizards, from microphonic 
and evoked auditory responses (Campbell 1969« Werner 1972, 
1976) and in amphibians from multi-unit responses in the to­
rus semicircularis (Hubl et al. 1977; Mohneke and Schneider 
1979; Hubl and Schneider 1977; Walkowiak 1980). Long term 
thermal adaptations were found in snakes, where optimum sen­
sitivity of warm receptors in warm and cold adapted animals 
to static and dynamic temperature applications was correla­
ted with the adaptation temperature (Hensel and Schäfer 
1981). 
The occurrence of a sensitivity optimum in the primary fibres 
on the one hand, and the monotonie increase of spontaneous 
activity with temperature on the other hand is puzzling. To 
Fig. 20. 
Tuning curves obtained from response area scans of the same 
single primary auditory fibre of Caiman crocodilus. 
Repeated measurements at nearly the same temperature. Expla-
nation see text. 
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substantiate this finding which is based on Fig. Д and 
Fig. 18, average spontaneous activity and threshold as a 
function of temperature are presented from one single fibre 
during cooling and rewarming (Fig. 21). The data show that 
the threshold elevation at high temperatures is completely 
reversible and therefore not due to damage to the unit, and 
that spontaneous activity in the same unit as a function of 
temperature does not show a decrease at very high tempera­
tures. This can be interpreted as a difference in the ori­
gin of spontaneous and sound evoked activity. Support for 
this theory is available from mammals. Removal of peri­
lymph from the guinea pig scala tympani also reduces sensi­
tivity to tone stimulation without changing spontaneous ra­
te (Robertson 1974), and dissociation between sensitivity 
to tone stimulation and spontaneous rate occurred in guinea 
pig during recovery from hypoxia, but here the effect was 
the other way round, sensitivity recovered completely where­
as spontaneous rate remained depressed (Manley and Robertson 
1976). Lastly the phase of basilar membrane motion that pro­
duces an increase in firing rate at near-threshold intensi­
ties is different from that at higher intensities (Sellick 
et al. 1982a). These authors suggest that at low intensities 
CM generated by the OHC dominates the response from the IHC 
and at higher intensities the IHC receptor potential domina­
tes the response (Cf. Manley 1977,1978; Wilson 1977; Brownell 
1982). 
Comparison with temperature effects in other animals. 
The effects of temperature on the frequency tuning pro­
perties of primary auditory fibres have been investigated in 
other ectotherm animals: in an amphibian, the toad Bufo ameri-
canus (Moffat and Capranica 1976) and in a reptile, the lizard 
Gekko gecko (Eatock and Manley 1976,1981). In the toad preli­
minary results from fibres emanating from the complex amphi­
bian papilla (an auditory structure unique to amphibia; Feng 
et al. 1975; Capranica 1976; Lewis et al. 1982) show effects 
of temperature on tuning properties similar to those found in 
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caiman. With cooling the spontaneous activity decreases, 
the thresholds rise and the BFs shift to lower values. 
Quite in contrast to this, fibres from the simple basilar 
papilla do show a change in spontaneous rate but thresholds 
and BFs change very little with temperature. Interestingly 
it is the basilar papilla that is the homologue of the ba­
silar papilla in reptiles and birds and of the organ of 
Corti in the mammals. The toad basilar papilla data suggest 
again that differences in the origin of spontaneous and sound 
evoked activity may exist and the data from the amphibian pa­
pilla show that temperature effects, similar to those found 
in caiman occur in an auditory structure analogue to the ba­
silar papilla but without a basilar membrane (Cf. Lewis et 
al. 1982). 
In the gecko small temperature changes (0.5-2 C) caused a 
shift of the CF in 17 out of 34- fibres. These shifts were 
in the same direction as found in the present caiman experi­
ments. Similar results are obtained for an estimate of the 
BF at 10 dB above threshold. The average shift calculated 
for all gecko units, irrespective of the temperature range at 
which it was obtained and irrespective of CF at the standard 
temperature for the animal was 0.06-0.05 oct/ С In the cai­
man a shift of this magnitude occurs at about 27 С and in 
all fibres, whereas at lower temperatures values of up to 
O.I4. oct/0C are obtained. It is not clear from the results 
presented by Eatock and Manley (1981) whether in gecko the 
shifts are similar for all fibres in the same temperature 
range and whether the shift per unit of temperature is dif­
ferent for different temperature ranges. The CF-shifts in 
their sample vary from about 0-0.2 oct/ C, and the variation 
in the estimates of BF is only slightly smaller, indicating 
that range-dependent differences in temperature-induced CF-
and BF-shifts may also occur in the gecko. On the other hand 
it cannot be excluded that this scatter in the shifts is due 
to the limited temperature range (typically 0.5-1.5 С with a 
maximum drift of 1 С during measurement of one tuning curve) 
over which single fibres were tested and the frequency reso-
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lution of about 1/6 oct with which the tuning curves were 
obtained. As shown in Fig. 21 using this frequency resolu­
tion in caiman variations in this order of magnitude occur 
when the response area from the same fibre is determined 
repeatedly at the same temperature four times with tempera­
ture drifts of only 0.2 C. Eatock and Manley (1981) assumed 
a logarithmic relation between CF and temperature in the 
gecko and calculated thermal Q 1 0 values for the frequency 
changes using the relation Q 1 0 = e ^ 0/Δΐ)·1η2 w h e r e s i s 
the shift in octaves for temperature step At. This is readi-
xl ly reduced to 
f. 10 
the common formula for Q 1 0 with frequency replacing reaction 
rates (see Precht et al. 1973)f which illustrates that the 
extrapolation from small temperature steps at is an exponen­
tial one. The data in caiman show that the relation between 
CF and temperature is nearly linear. Eatock and Manley (1981) 
do not present data supporting their assumption that in gecko 
fibres the relation between CF and temperature is exponential, 
nor that it is similar for all fibres, independent of their 
CF at standard temperature. Therefore their calculation of an 
average thermal Q^Q for the CF shift in the fibres, irrespec­
tive of the temperature range where the shifts were measured, 
is to be taken with great caution and so are their specula-
κ1 
„ 8·(10/Δΐ)·1η2
 v
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 n
 10 ,
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Q 1 0 = e -* lnQ 1 0 = ^ . ln2 
'. Ш using (2) l
n
Q 1 0 = g in (j-JL) - Q 1 0 - ( j - M 
t-At t-ût 
Fig. 21. 
Effect of temperature on the BF-threshold (Fig. 21a) and the 
average spontaneous firing rate (Fig. 21b) of a single pri-
mary auditory fibre of Caiman crocodilus during cooling and 
rewarming. 
Explanation see text. 
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tions that temperature affects a tuned system of membrane 
conductances in the hair cell, since these speculations are 
based on the lower Q 1 0 of membrane conductance as against 
that of channel kinetics, and the low Q 1 0 of CF-shifts. 
Although they mention increases in sensitivity with tempera-
ture in a preliminary report Qïatock and Manley 1976), Eatock 
and Manley (1981) report that the threshold changes occur-
ring in response to small temperature steps were not consis-
tent. The scatter in the thresholds in the caiman data is so 
large that only from comparing the results obtained over a 
large temperature range and from many fibres the relation 
between threshold and temperature can be secured. Further-
more it is important to note that for small temperature chan-
ges in the range close to Τ in caiman only very small 
threshold changes occur (Fig. 17b,18,21). It would therefore 
again be useful to know in what temperature range the data 
from each fibre in the gecko were obtained and whether there 
is a temperature optimum for primary fibre thresholds in this 
animal as well. The tuning curves presented in Eatock and 
Manley's (1981) paper are obtained in the range of 22-290C 
which agrees fairly with the optimal sensitivity range of 
25-30oC obtained from gecko CM data by Werner (1976), sugges­
ting that similar threshold-temperature relations as found in 
caiman may indeed exist in the gecko. 
The finding (Eatock and Manley 1981) that in the gecko tu­
ning curves shift uniformly and thus Q-injg does not change 
with temperature agrees with the present caiman results, al­
though in the gecko only small temperature ranges were in­
vestigated in each fibre. In the caiman it appears that in 
single fibres Q-IQJD decreases somewhat at the lower end 
(below 150C) and the higher end (above 30oC) of the tempera­
ture range (Fig. 12). 
The changes in response to temperature-changes in evoked-
response audiograms or CM sensitivity curves as reported in 
various animals have been interpreted as a differential ef­
fect of temperature on the thresholds at low and high fre­
quencies producing a shift of the frequency of best response. 
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Such shifts are reported both in mammals, bats, which can 
have very low body temperature during hibernation (Harrison 
1965; Brown et al. 1978), lizards (Campbell 1969; Werner 
1972,1976) and amphibians (Hubl et al. 1977; Mohneke and 
Schneider 1979; Hubl and Schneider 1977; Walkowiak 1980). 
It is however difficult to see how temperature could produce 
such a differential effect in sensitivity in fibres with dif­
ferent CFs, apart maybe from the two groups of fibres with 
different peripheral origin in amphibians. A much simpler 
explanation can be given on the basis of the observed effect 
of temperature on the CF and threshold of all primary fibres, 
independent of their CF, in the present experiments in the 
caiman. The shift of CF with cooling near Τ is say 
-0.05 oct/ С and the threshold change say 2 dB/0C. If tempe­
rature is lowered below Τ the CF of all fibres shifts to 
s 
lower frequencies and their sensitivity is reduced. For the 
audiogram or sensitivity curve above the most sensitive fre­
quency this results in "increased thresholds" at a given fre­
quency. For frequencies below the most sensitive frequency 
this results either in "decreased thresholds" at a given fre­
quency or, dependent on the slope of the andiogram or sensiti­
vity curve in "unchanged thresholds". The latter occurs when 
the slope is about the same as the change in frequency and 
threshold of each single fibre (-2 dB/0.05 oct in the exam­
ple). A similar reasoning holds mutatis mutandis for increa­
sed temperatures. The apparent changes in threshold are not 
the result of changed thresholds at CF of the same fibre, 
but are mainly due to the CF-shift of the fibres. 
Comparison with other effects on metabolism. 
If one compares the effects of temperature on primary 
fibre properties with those obtained by other interferences 
with metabolism there is an essential difference. Hypoxia in 
the cat (Evans 1974-, 1975) and in the guinea pig (Robertson 
and Manley 1974; Manley and Robertson 1976) or impairment of 
oxidative metabolism by intracochlear application of cyanide 
in the cat (Evans and Klinke 1974,1982a) produces an increase 
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in the thresholds and a loss of sharpness of tuning without 
affecting the CF. In the toad (Capranica and Moffat 1976) 
anoxia produces reduction of spontaneous rate, increase of 
thresholds, but no change in BF. Unfortunately it is not 
known whether these recordings were made from fibres origi-
nating from the basilar papilla which do not shift their BF 
in response to temperature changes, or from the amphibian 
papilla, which do so (Moffat and Capranica 1976). 
Systemically or intracochlearly applied furosemide (Evans) 
and Klinke 1974,1982b; Comis et al. 1981) in cat and guinea 
pig similarly lead to threshold elevation and loss of sharp-
ness of tuning with negligible effects on CF. 
Draining of scala tympani in the guinea pig also produces 
loss of low thresholds and sharpness of tuning but without 
affecting spontaneous rate (Robertson 1974,1976). Also in 
guinea pig, acute acoustic trauma produces progressive loss 
of sensitivity and sharpness of tuning in the same auditory 
spiral ganglion cells, together with a shift of the BF to 
lower frequencies (Cody and Johnstone 1980). Similar results 
are obtained from spiral ganglion cells comparing tuning cur-
ves from the same locations in normal and kanamycin treated 
animals (Robertson and Johnstone 1979)· Still there is an 
essential difference between these effects and those produced 
by temperature changes: The tuning curves in the guinea pig 
do not shift uniformly with acoustic trauma and loose their 
sharpness of tuning. The predominant effect is a loss of 
threshold and since this loss is larger at and above the CF, 
the latter is shifted to lower frequencies. The new CF how-
ever lies always within the old tuning curve. 
The tuning curves in the caiman shift uniformly with tempera-
ture-changes and sharpness of tuning is practically unaffec-
ted. The predominant effect is a shift of the whole tuning 
curve (to lower frequencies with cooling) and the concomitant 
threshold changes are independent of this frequency shift. In 
the temperature range of 25-30 C, only minimal threshold 
changes occur, and at temperatures above 30oC thresholds even 
become lower with cooling. In the range below 250C the 
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threaholds increase by 2 dB/ С when cooling. 
Fig. 22 compares a typical guinea pig result (Fig. 3 from 
Cody and Johnstone 1980) with two examples from the caiman, 
one with very strong and one with extremely small threshold 
shift. The largest CF-shift in the guinea pig is 0.8 oct 
accompanied by 47 dB increase in threshold (line labelled 
15' in Fig. 22). In the range of strongest threshold changes 
in the caiman a shift of 0.8 oct requires cooling from 250C 
to 16.5 С (using formula (4·)) and the concomitant increase 
in threshold (2 dB/0C) would be 17 dB only. Finally severe 
damage to the inner ear by kanamycin or intense sound results 
in elevation of thresholds and loss of sharp tuning (Kiang 
et al. 1970,1976; Evans and Harrison 1976; Libermann and 
Kiang 1978; Harrison and Evans 1979; Robertson 1982), but 
no information on shifts of the CF is available from this 
work since there are no tags in fibres from a damaged animal 
to identify their original CF under the normal condition. The 
same holds for the study of Dallos and Harris (1978) who found 
a loss of threshold due to kanamycin poisoning without reduc­
tion of the sharpness of the tips of the primary fibre res­
ponse curves. 
Comparative aspects of temperature dependent tuning mechanisms. 
There is a large morphologic and anatomic similarity of 
the inner ears of caiman, bird and mammal (e.g. v.During et 
al. 1974; Tasaka and Smith 1971; Smith 1981). The primary fi­
bre properties of caiman (Pause 1978; Klinke and Pause 1980) 
and birds (e.g. Sachs et al. 1974) have also large similari­
ties with those of mammals (e.g. Evans 1975). Therefore a 
comparison of the effects of temperature on primary fibre pro­
perties in these animals is interesting, also with respect to 
the ectothermia of the crocodiles and the endothermia of the 
mammals and especially of the birds, whose ears resemble tho­
se of caiman most. In the cat primary fibres with CF near 
20 kHz were tested with local cooling of the inner ear 
(Smolders and Klinke 1977; Klinke and Smolders 1977). The 
main result to temperature increases was a decrease in 
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Fig. 22. 
Comparison of the effect of acoustic trauma on single fibre tuning propertifs in guinea pig 
(from Cody and Johnstone 1980) with the effect of temperature on the tuning properties of 
single fibres in Caiman crocodilus. 
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threshold, changes in CF were very small, in the order of 
magnitude of 0.01 oct/ C, increasing with temperature. Simi­
larly no shift was observed in fibres from the ventral coch­
lear nucleus of guinea pigs during temperature changes of the 
head of the animal. The CFs of the fibres tested ranged from 
700-9000 Hz (Gummer et al. 1982; Gummer to be published). 
De Brey and Eggermont (1978) report a shift of 0.01 oct/0C 
in the CM "electrical travelling wave pattern" in the basal 
end of the guinea pig cochlea, towards the apex with increa­
sing temperature. This is in agreement with a primary fibre 
CF shift to higher frequencies with increasing temperature. 
Psychophysical experiments on pitch perception in man with 
"genuine absolute pitch" showed no effect of changes of body 
temperature (up to 1.5 C) on the pitch perception (Emde and 
Klinke 197?! Emde 1978). If pitch perception depends on the 
place principle, this would corroborate the lack of effect 
of temperature changes on primary fibre CF. 
In the pigeon (Schermuly 1982; Schermuly and Klinke 1982) 
recordings from primary auditory ganglion cells showed the 
same effects of temperature on spontaneous activity, threshold 
and CF as in caiman. The response areas shift uniformly to lo­
wer frequencies and higher intensities during cooling. The CF 
shifts vary from 0.14 oct/ С in the lower temperature range 
(about 280C) to 0.02 oct/ С in the upper temperature range 
(about 39 C). Q-i^ jQ did not change noticeably with temperature. 
The comparison between the three classes, mammal, bird and 
reptile with respect to the temperature effect is not straight 
forward however. Caiman and pigeon fibres react practically 
in the same way to temperature changes. The only difference 
is the higher temperature range in the bird as a consequence 
of its endothermia. The argument that the lack of effect of 
temperature on primary fibre CF in mammals is due to the fact 
that they are warmblooded must therefore by dropped. Further 
the argument that the lack of effect of temperature in mam­
mals is a result of the decreasing change of CF per unit of 
temperature with increasing temperature appears to be invalid 
since from the same argument one must then expect the CF shift 
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per unit of temperature in bird to fit to that in caiman 
when matching the two temperature ranges. It is found how­
ever that in both pigeon and caiman the CF shift per unit 
of temperature is large in the temperature range below the 
normal temperatures of 39 С and 27 С respectively and that 
it decreases towards and above this normal temperature. The 
shift per 0C is not related to the absolute temperature but 
to the difference with normal temperature. The temperatures 
in the mammal experiments were up to 12 С below the normal 
temperatures and yet no shifts in auditory fibre CF were 
observed (Gummer et al. 1982; Gummer to be published). Since 
hair cell receptor potentials both in guinea pig (Russell 
and Sellick 1977a,b,1978 ; Dallos et al. 1982), gerbil 
(Goodman et al. 1982), and in the turtle (Fettiplace and 
Crawford 1978; Crawford and Fettiplace 1980,1981) are alrea­
dy sharply tuned, the effect of temperature on tuning will 
be localized at the hair cell receptor potential level or 
more peripherally. 
The simplest explanation would be that tuning in lower ver­
tebrates is achieved by means of the inner ear mechanics 
alone as recently shown in mammals (Sellick et al. 1981, 
1982b; Khanna and Leonard 1982), and that the properties of 
the mechanics change with temperature. This explanation pro­
duces several questions: First of all: why do changes of CF 
not occur in mammals, irrespective of CF, where it is shown 
that tuning is already as sharp as in primary fibres at the 
level of basilar membrane mechanics. At least one must assume 
then that the mechanics in the lower vertebrates function 
differently from those in mammals. Secondly: is there a role 
of the inner ear mechanics in sharp tuning in caiman and in 
pigeon, and if so, how do mechanics react to temperature 
changes. Thirdly: in what respect are the inner ear mechanics 
in caiman and pigeon different from mammalian mechanics: is 
there tonotopy in the mechanical vibration of the basilar mem­
brane in caiman, as is found in the chicken (Von Békésy I960), 
is there even an inner ear mechanical vibration similar to the 
travelling wave found in mammals? 
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Indications that inner ear mechanics are dependent on meta-
bolism are found in the guinea pig where damage of the inner 
ear produces increase of thresholds, loss of sharpness of 
mechanical tuning and shift of the BF (Kohllöffel 1972b,с; 
Sellick et al. 1981,1982b; Patuzzi et al. 1982) and CM pat­
terns shift with temperature (de Brey and Eggermont 1978), 
in the cat (Khanna and Leonard 1982) and in the squirrel 
monkey (Rhode 1973; Rhode and Robles 1974), where also loss 
of sharpness and downward shift of CF are observed as a re­
sult of cochlear impairment or death of the animal. 
Although it appears improbable that such large CF-shifts as 
found in the present experiments should result from changes 
in the inner ear mechanics, be it a travelling wave mechanism 
or not, this possibility needs testing. 
Another possibility for which there is accumulating evi­
dence from experiments in non-mammals is that in these ver­
tebrates the sharp tuning properties of the primary fibres 
are based on other than BM travelling wave mechanisms. For 
instance gradients in the properties of the hair cells or 
associated structures could be the basis for frequency se­
lectivity and tonotopy. Sharp tuning is found in amphibians 
where there is no basilar membrane (Capranica 1976; Lombard 
1980; Lewis et al. 1982) and in the alligator lizard, where 
no basilar membrane tonotopic vibration occurs as measured 
with the Mössbauer technique (Weiss et al. 1978; Peake and 
Ling 1980). Such gradients could reside in the length of 
the cilia of the hair cells and, or in the mass of the tec-
torial structures when present in the species. Anatomical 
gradients have been reported in mammals (Lim 1980), birds 
(Tanaka and Smith 1978), lizards (Mulroy 197Л; Peake and 
Ling 1980; Turner et al. 1981), caiman (v.During et al. 
1974) and amphibians (Lewis et al. 1982). Such mechanisms 
for tuning as based on these anatomical gradients are still 
mechanical in nature. The temperature could for instance 
change the stiffness of the cilia in such a way that they be­
come stiffer with increasing temperature. It is interesting 
in this respect that actin filaments have been shown to exist 
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in cilia (e.g. Flock and Cheung 1977; Tilney et al. 1980; 
Slepecky and Chamberlain 1982; Flock et al. 1982; 
Drenckhahn et al. 1982) and concentrations of myosin occur 
in the apex of the hair cells but probably not in the cilia 
themselves (Drenckhahn et al. 1982), suggesting that such 
stiffness changes may occur or that the mechanical proper-
ties of the hair cell apex or the cilia may otherwise be 
changed. In the caiman it was found that the hyaline cells, 
cells lying laterally from the OHC on the thinnest part of 
the caiman basilar membrane, who in addition receive effe-
rent innervation, contain actin filaments at their base 
(v.During pers.comm.). One could speculate that this pro-
vides a mechanism for changing the basilar membrane stiff-
ness under efferent control, and that this might be sensi-
tive to temperature changes. 
Further it has been found in the turtle receptor poten-
tials that spontaneous oscillations occur which are related 
to the CF of the cells and that current pulses produce elec-
trical resonant oscillations in the hair cell potential, the 
frequency of which is close to the CF of the cell but is de-
creased by larger hyperpolarizating and increased by depola-
rizating steps (Fettiplace and Crawford 1980; Crawford and 
Fettiplace 1981). The authors conclude that tuning of the 
hair cells and primary fibres is mediated by the resonant 
electrical hair cell properties. Such hair cell mechanisms 
probably are temperature dependent as discussed by Eatock 
and Manley (1981) who propose that temperature exerts its 
influence on the passive RC component of an assumed oscilla-
ting membrane system and also mention that such phenomena 
occur in electrical fishes (Cf. Hopkins 1976). These mecha-
nisms are probably limited to low frequencies (1000 Hz in 
the turtle (Fettiplace and Crawford 1978), 500 Hz in the 
electrical fish (Hopkins 1976)), which then would explain 
why temperature effects are not found in mammalian high fre-
quency fibres where other mechanisms (mechanics) then must 
mediate frequency selectivity. 
Finally it is possible that a two stage frequency tuning 
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mechanism exists in caiman (and bird). The uniformity of 
the shift of the tuning curves with temperature shows that 
in this case both stages, say a mechanical one and a hair 
cell one, should match at all temperatures, that is should 
both change by the same amount in the same direction for 
the same temperature step. This seems very improbable. The 
alternative is that one stage provides a very broad filte-
ring and the observed effects are due to the shifts of the 
sharper mechanism of the two. 
Behavioural aspects. 
Last but not least the changes in tuning properties of 
the primary fibres may have some behavioural consequences 
for the caiman as an ectotherm animal with moderate thermo-
regulation. The shifts in threshold may provide a problem in 
as far that hearing sensitivity becomes poor at lower tempe-
rature, but the shifts in CF pose more serious problems. The-
se shifts will produce a shift of the representation of the 
spectral properties of sounds both in the primary auditory 
nerve and in higher auditory centers. It has been observed 
however, that the spectral composition of caiman vocaliza-
tions remains unchanged over a wide range of temperatures, 
13-330C (Garrick and Garrick 1978) and thus detection mecha-
nisms that use the place principle may fail in call recogni-
tion. Garrick and Garrick (1978) argue that the stability in 
spectral composition of the call is an adaptation serving the 
purpose of reducing call ambiguity to the receiver, provided 
that the auditory system is similarly unresponsive to tempe-
rature. As far as spatial neural representation of frequency 
in the auditory system is concerned, the present results show 
that this is not the case. 
In amphibians it is found that the changes in the multi-unit 
audiogram due to temperature changes are accompanied by ap-
propriate changes in the call's spectro-temporal composition 
(Hubl et al. 1977; Mohneke and Schneider 1979; Hubl and 
Schneider 1977; Walkowiak 1980; see also Garrick and Garrick 
1978). Such a mechanism is probably useful in fully ectotherm 
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animals like frogs, but in caimans which like heliotherm 
ectotherm lizards have thermoregulatory behaviour it will 
be less effective since the chance that transmitter and re-
ceiver are at the same temperature will be smaller, uniese 
temperature choice is actively used by the animals in a 
transmitting and receiving state, for instance during the 
breeding period. 
Another possibility is of course that the information from 
sounds is extracted from the temporal coding since the fre-
quency range of the caiman is limited to frequencies where 
all primary fibres have good phase-locking properties, but 
even these will change with temperature. 
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CHAPTER III. 
THE DISTRIBUTION OF PHASE-LOCKED NEURAL RESPONSES OVER A 
LARGE POPULATION OF PRIMARY AUDITORY FIBRES IN Caiman croco-
di lus. 
INTRODUCTION. 
The properties of primary auditory fibres in Caiman croco-
di lus show many similarities with those of mammalian primary 
afférents (Pause 1978; Klinke and Pause 1977,1980). A major 
difference appears to be the effect of temperature on the 
tuning properties of these fibres in the caiman and in mam-
mals (Klinke and Smolders 1977,1982; Smolders and Klinke 1977, 
1978; Fengler et al. 1978; Fengler 1980). In caiman the res-
ponse area of primary auditory fibres shifts uniformly to lo-
wer frequencies and higher intensities with cooling (see Chap-
ter II). The predominant aspect of temperature changes is a 
large shift of the characteristic frequency (CF), whereas the 
threshold changes are small. In cat (Smolders and Klinke 1977; 
Klinke and Smolders 1977) and in guinea pig (Gummer et al. 
1982) the predominant effect is a change in the primary fibre 
threshold and sharpness of tuning and no effect on the CF was 
found. Data from cochlear microphonics in guinea pig (de Brey 
and Eggermont 1978) and psychophysical measurements on pitch 
perception in man (Emde and Klinke 1977; Emde 1978) on the 
effect of temperature on frequency tuning corroborate these 
findings: The "electrical travelling wave patterns" (de Brey 
and Eggermont 1978) in the guinea pig show only minor shifts 
to the apex of the cochlea with increasing temperature and 
absolute pitch perception in man is independent of body tem-
perature. The CF of primary fibres changes in a similar way 
as found in caiman in other lower vertebrates. Uniform shifts 
of the response areas of primary auditory ganglion cells with 
temperature are found in the pigeon (Schermuly 1982; Schermuly 
and Klinke 1982) comparable to those found in primary fibres 
in the caiman. CF-shifts of primary auditory fibres with tem-
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perature in the same order of magnitude аз in the caiman 
and the pigeon are reported in the gecko (Eatock and Manley 
1976,1981) and in the toad (Moffat and Capranica 1976). 
The difference in the effect of temperature on primary 
fibre tuning properties in mammals and lower tetrapode may 
be due to fundamental differences in the tuning mechanisms 
in their inner ears. It is found however that both in mammals 
and lower vertebrates the receptor potentials are already 
sharply tuned (Russell and Sellick 1977a,b,1978; Goodman et 
al. 1982; Dallos et al. 1982; Fettiplace and Crawford 1978; 
Crawford and Fettiplace 1980,1981). 
There is accumulating evidence that in mammals tuning may 
completely rely on the travelling wave mechanism in the inner 
ear (Sellick et al. 1981,1982; Khanna and Leonard 1982), but 
that in contradistinction tuning in some lower vertebrates 
must be achieved by other than basilar membrane vibration 
mechanisms because such a membrane is lacking, as in amphibia 
(Capranica 1976; Lombard 1980; Lewis et al. 1982), or because 
no tonotopic vibration pattern in the basilar membrane occurs 
as measured in the alligator lizard (Weiss et al. 1978; Peake 
and Ling 1980). Anatomical gradients in the length of the 
hair cell cilia or the mass of the tectorial structures may 
provide a basis for frequency selectivity in these vertebra­
tes (e.g. Lim 1980; Tanaka and Smith 1978; Mulroy 197Л; 
Peake and Ling 1980; Turner et al. 1981; v.During et al. 
lyiil Lewis et al. 1982). Changes in stiffness or mobility 
of the hair cell cilia as a basis of frequency tuning are dis­
cussed (e.g. Flock and Cheung 1977; Tilney et al. 1980; 
Slepecky and Chamberlain 1982; Drenckhahn et al. 1982) as 
well as electrical hair cell membrane properties (Fettiplace 
and Crawford 1980; Crawford and Fettiplace 1981). Such mecha­
nisms may play a minor role in frequency tuning in the mam­
mal as well, but the basilar membrane mechanics appear to 
be the dominant factor. In lower vertebrates they may be 
completely responsible for tuning. 
In crocodiles and birds the morphology of the inner ear 
and its similarity with the mammalian ear made some anato-
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inists suggest that a mechanical travelling wave mechanism 
may operate in these ears (v.During et al. 1974-i Leake 1977) 
but on the other hand physiological findings suggest that 
there may be no travelling wave in the caiman (Kauffmann 
197Д; Klinke and Pause 1980). 
The measurements of von Békésy (i960) have shown that in the 
chicken tonotopically mapped "resonance curves" occur in the 
basilar membrane. No other data on the mechanics in birds or 
crocodiles are available to my knowledge. In the light of an 
interpretation of the differences in the effect of tempera-
ture on the tuning properties of primary fibres in mammals 
on the one hand and caiman (see Chapter II) and birds on the 
other hand, and a localization of this temperature effect in 
caiman it is necessary to know what role is played by the 
inner ear mechanics in frequency tuning and how it is influ-
enced by temperature. 
Direct observation of the inner ear mechanics has the 
disadvantage that the inner ear has to be opened and some-
times drained. The probability of damage with concurrent 
changes in the vibration properties is large (Cf. Sellick et 
al. 1982; Khanna and Leonard 1982). In addition one can usual-
ly obtain data from only a few positions on the basilar mem-
brane. 
An indirect method has been introduced by Pfeiffer and Kim 
(1975) and Kim and Molnar (1979) based on the notion that the 
distribution of cochlear excitation along the cochlear parti-
tion must be reflected in the population distribution of the 
neural responses of primary fibres. The advantages of the 
method are that much lower stimulus levels can be used than 
in direct methods, that responses not only from a few spots 
on the cochlear partition can be obtained but from most of 
the partition and that the inner ear is left undisturbed 
(Kim and Molnar 1975)· The method has been applied in cats 
to produce distributions of response amplitude and phase over 
the CF of the fibres. Using a tonotopic place-frequency map 
along the basilar membrane (Pfeiffer and Kim 1975; Kim and 
Molnar 1979), estimates of the wave lengths of cochlear tra-
-Be­
velling waves were made (Kim and Molnar 1975). 
This chapter presents the results of application of 
this indirect method in the caiman in order to obtain an 
estimate on the distribution of excitation along the basilar 
papilla to compare it with that in mammals. The technique re­
quires data on a large population of fibres from the same ani­
mal and therefore prohibited a comparison of the responses at 
two temperatures. Preliminary reports have been published 
(Smolders and Klinke 1980,1981). 
METHODS. 
Four Caiman crocodilus were used for the experiments, 
varying in size from 70-100 cm and in weight from 1.2-4.2 kg. 
The animals had been kept in the animal house under the con­
ditions described in Chapter II. 
The animals were anaesthetized, and artificially respirated. 
The auditory nerve was exposed and glass microelectrodes were 
inserted under visual control. The experiments were carried 
out in a sound attenuating box at 27 С Preparation of the 
animals and the equipment used was identical to that descri­
bed in Chapter II. 
Experimental paradigm. 
The general scheme of the experimental paradigm is des­
cribed by Pfeiffer and Kim (1975) and Kim and Molnar (1979). 
The method is based on the phase-locking of the primary fi­
bre responses to pure tone stimuli. Such phase-locking is 
shown to occur in primary auditory fibres of the caiman 
(Pause 1978; Klinke and Pause 1980). The distribution of the 
phase-locked responses of many primary fibres to the same to­
nal stimulus is investigated. This implies that each fibre is 
tested for its response to the same basilar membrane vibration 
pattern, since all possible phase and amplitude distortions 
introduced through the acoustic stimulation system are iden­
tical and constant under the test condition. Peri stimulus 
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tiine histograms (PSTHs) of the responses of the primary fi­
bres to the test tone from as many fibres as possible and 
from the same ear have to be collected aiming at a represen­
tative sub-population of all primary fibres, covering a wide 
range of CFs with sufficient resolution. 
Close spacing of data over frequency is especially important 
to resolve 2π ambiquity in the phase of the responses. 
Best frequency. 
The best frequency (BF) of each fibre was determined 
using the algorithm described in Chapter II, from the iso-
intensity frequency responses at about 20 dB above the fi­
bres CF-threshold as estimated initially by audiovisual cri­
teria. Spontaneous rate was measured in the pauses between 
the tone burst stimuli used for the determination of the BF. 
Pure tone stimulation. 
PSTHs of each fibre's response to the test stimulus were 
recorded under steady state conditions. Data collection was 
started a few seconds after the test stimulus was switched 
on. PSTHs from about 1000 nerve impulses were calculated in 
256 bins per period of the test tone, irrespective of the 
test tone frequency. Five response measures were determined 
for each single fibre: BF and average spontaneous rate (SR) 
from the algorithm described in Chapter II, the average res­
ponse rate (R0), amplitude (R1) and phase (PI) of the first 
harmonic component of the PSTH (the fundamental frequency, 
which is identical to the stimulus frequency). An FFT algo­
rithm was used to calculate R1 and PI from the trigonome­
tric Fourier series of the PSTH assigning the contents of 
each bin to the centre of the bin. The trigonometric Fourier 
series of a histogram with M bins is: 
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Note that the value R1/R0 is twice the commonly used vec­
tor strength (VS, e.g. Goldberg and Brown 1969; Anderson 
et al. 1971; Goldberg and Brownell 1973; Buunen and Rhode 
1978; Rouiller et al. 1979; Evans 1980) or synchronization 
index (SI, Young and Sachs 1979; Klang 1980). The value 
R1/R0 is directly related to the modulation depth (MD) and 
fundamentally different from the coefficient of synchroniza­
tion (CS, Rose et al. 1967; Harrison and Evans 1979; Evans 
1980). The values scored with the different measures for 
some characteristic forms of the PSTHs are compared in Ta­
ble 1 (Cf. Evans 1980). 
SR, R0 and RI are calculated in imp/s. PI is calculated in 
cycles of the stimulus frequency ( 2π radians or 360 ). An 
example is given in Fig.1. The upper panel represents a dot 
display of the responses of a single primary auditory fibre 
to a pure tone stimulus. The time base represents two periods 
of the pure tone stimulus indicated at the bottom of the lo­
wer panel. The dot display presents the responses to the 
first 256 cycles of the stimulus in 128 sweeps of two periods 
from the bottom of the panel to the top. Note that data col­
lection is started a few seconds after the onset of the tone 
stimulus and therefore steady state responses are collected 
as can be seen from the display. 
The lower panel shows the PSTH, here on a time base of two 
periods for the purpose of easy visualization of the response 
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Tabi e J. 
The interreiation between some commonly used measures for 
the synchronized or phase-locking responses of nerve fibres. 
CS: Coefficient of synchronization » VS: vector strength ι 
SI: synchronization index» R1/R0 normalized amplitude of the 
fundamental of the Fourier transform of the PSTH. Details 
see text. 
rate modulation. The CF of the unit is 170 Hz, the pure tone 
stimulus has a frequency of 177 Hz, nearly at the CF of the 
unit and an intensity of 85 dB SPL. The steady state response 
rate (R0) is 65 imp/s, nearly the same as the spontaneous ra­
te (SR) of 60 imp/s. 
The amplitude of the fundamental of the PSTH (Ri) is 
60 imp/s, nearly the same as the average response rate (R0). 
RI and R0 are superimposed in the histogram as the dotted 
sinusoid and the dashed horizontal line respectively. The ra­
tio R1/R0 is a measure for the modulation depth. Its value of 
0.92 indicates nearly full sinusoidal modulation of the res­
ponse rate (Cf. Table 1). 
The phase of the fundamental of the PSTH relative to the 
synchronization pulse of the electrical output of the sine 
wave synthesizer was calculated as well as the phase of the 
sound pressure at the eardrum relative to the same synchroni-
-88-
11.3ms 
Imp/s 
200 
100 
Γι 
УІ4 
— PI 
t. „IJL..... 
I 
BU 18 Ν·858 177 Hz 85dBSPL 
SR-6Q^ R0-65/S Ri-60/s Pi--139 0 
Fig. i-
Phase-locking neural responses in steady state, during pure 
tone stimulation of a primary auditory fibre of Caiman cro-
codilus. CF = 170 Hz. 
Upper panel: Dot display of the neural responses to the first 
256 cycles of a pure tone stimulus of 177 Hz at 85 dB SPL, 
Lower panel: PSTH from 858 neural responses. Dashed line: 
average response rate R0. Dotted line: response rate modula­
tion Rl (see text). 
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zation impulse. The latter value was obtained by measuring 
the sound signal at 1 mm from the centre of the eardrum in 
situ, using a calibrated sound probe. The distance of 1 mm 
represents a delay of about 3 us or 1 at 1000 Hz and was 
neglected since the highest frequency used was 1^ 14· Hz. The 
Kl amplitude and phase response of the sound system , corrected 
for the probe response is given in Fig. 2. The difference 
between the two phase values relative to the electrical syn-
chronization impulse gives the phase of the fundamental of 
the PSTH relative to the sound pressure at the eardrum modulo 
1 cycle. Phase PI throughout this report is given relative to 
the sound input at the eardrum. Negative values represent 
phaselag. 
In order to be able to assign absolute phase values to 
the fibres with different CF, cumulative phaselag was measu-
red in a few fibres by measuring the responses to pure tones 
of a single fibre as a function of stimulus frequency. 
Estimates for the standard deviation of RI and PI were 
made according to the method of Littlefield (1973), used by 
Pfeiffer and Kim (1975), Kim and Molnar (1979) and Kim, Siegel 
and Molnar (1979). The critical value for RI is baptized 
RLIMIT = / 2/N where N is the number of impulses in the PSTH. 
The critical value for PI is PLIMIT = RLIMIT/A where A is the 
modulation depth R1/R0. Details are given in the appropriate 
results section. 
Click stimulation. 
Additional to the pure tone stimulation many units were 
also tested for their responses to condensation and rarefac-
tion clicks with repetition rate of 10 Hz, width of 100 ys 
and amplitude equivalent to a 100 dB SPL pure tone, in order 
to obtain click response latency information, which in mammals 
seems to be related to longitudinal position along the cochlea 
xl 
Due to the use of a different power ampi i fier sytem the ma-
ximum output of the system is 5 dB less than that of the sys-
tem used in the temperature experiments (Chapter II). 
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Fig. 2. 
Frequency and phase response of the open sound system re­
lative to the electrical input signal, measured in situ 
with a sound probe tube at 1 mm from the centre of the ear­
drum of a Caiman crocodilus. 
The amplitude and phase values are given at the maximum out­
put of the system and after correction for the amplitude and 
phase responses of the probe tube. Amplitude is given in dB 
relative to 20 iiPa. Positive phase values represent a lead, 
negative phase values a lag. 
partition and a travel time delay (von Békésy I960; Klang 
1965; Evans 1972,1975; Klinke and Pause 1980). 
RESULTS. 
The results obtained from the four Caiman crocodilus 
used for these experiments are from 190, 12, 179 and 409 
single primary auditory fibres. The data from the second ani-
mal where only 12 units were successfully analyzed are not 
taken into account. Data presented together are always from 
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one single ear, none are from pooled results across ears 
or animals. 
Pure tone stimulation at low intensities. 
The data of the first animals were obtained from stimula-
tion at rather low intensity levels (20-60 dB SPL). This, as 
claimed by Pfeiffer and Kim (1975) and Kim and Molnar (1979). 
should be one of the advantages of the indirect method as 
compared with direct observation methods of basilar membrane 
motion. For the amplitude part of the responses this holds 
in caiman as well but for the phase we found this not to be 
the case as shown in Fig. 3 and ¿. The amplitude of the syn-
chronized response is expressed as R1/R0. This criterion and 
the linear ordinate used in Fig. 3 and 4 are chosen for com-
patibility with the data published from the cat by Pfeiffer 
and Kim (1975) and Kim and Molnar (1979). Data were selected 
according to estimates of the standard deviation of amplitude 
and phase. The same limits were used as in case of the cat 
(Pfeiffer and Kim 1975). that is RLIMIT = 0.058 and PLIMIT = 
0.¿¿. This means that amplitude data were accepted from 
PSTHs with more than 600 impulses only. Phase values for a 
PSTH with this minimum number of impulses were accepted only 
if the modulation depth exceeded 13Í (R1/R0>O.13). Both am-
plitude and phase are plotted as a function of the BF of the 
fibres. A vertical line is drawn in each panel to indicate 
the frequency of the test tone, which was constant for all 
data within one panel. 
Fig. 3 shows on the left the distribution of the amplitude 
of the phase-locked responses and on the right the distribu-
tion of the phase. Each dot in the figure represents data 
from a different single primary auditory fibre. The data are 
from 190 fibres from the same ear. The responses to 5 test-
frequencies well within the normal hearing range of the ani-
mal (e.g. Klinke and Pause 1980) are presented: 177, 250, 354. 
500 and 707 Hz all at an intensity of 20 dB SPL. The amplitude 
of the response is seen to be larger for primary fibres with 
BF close to the stimulus frequency, which is to be expected 
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from the sharp response area of single fibres. Since high-
frequency slopes of the tuning curves are steeper than low-
frequency slopes one would expect that the amplitude response-
distribution decreases sharper for BFs below the stimulus fre-
quency, which appears to be the case. At the lowest stimula-
tion frequencies the intensity of 20 dB SPL is evidently too 
low to produce phase-locked responses in more than a few fi-
bres. This may be explained by the higher thresholds of fi-
bres with low CF (Klinke and Pause 1980). In general the am-
plitude distribution of the phase-locked responses is sharp 
at this low intensity of stimulation and limited to a narrow 
range of BFs. The corresponding phase-distribution (PI) is 
fairly random over the range of BFs, even though only values 
with estimated standard deviation smaller than 0.07 cycle 
(PLIMIT<0.4.iO are accepted. In contradistinction the phase 
distributions found in the cat do show systematic changes 
with BF at such low stimulus intensities (Pfeiffer and Kim 
1975). 
Fig. 4. shows the results of an identical experiment on another 
caiman ear. Data were obtained from 179 single primary fibres 
using test frequencies of 63, 88, 125, 177, 250, 354 and 
500 Hz, all at 60 dB SPL. The results are plotted in the 
same format as in Fig. 3. Although the same selectrion cri-
teria were used as in Fig. 3 fewer units passed these crite-
ria. It becomes clear however, comparing these data at 60 dB 
SPL with those from 20 dB SPL, that the amplitude distribu-
tions have broadened very much. For instance in response to 
low frequencies only one or two primary fibres out of 190 
respond at 20 dB SPL and the modulation depths are less than 
i0% (Fig. 3). At 60 dB SPL (Fig. 4) response modulation 
depths far over lOOjS occur over a broad range of BFs. For 
rig. 3. 
Population distribution of amplitude (left) and phase (right) 
of phase-locked neural responses from single primary audi tory 
fibres from a single inner ear of Caiman crocodilus. 
Each dot represents tile amplitude or phase obtained from at 
least 600 responses from I single fibre. The verticil lines in 
each panel represent the frequency of the pure tone stimulus. 
All stimuli wore presented at 20 dB SPL (see text). 
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instance at 250 Hz only some 10 fibres respond with modula-
tion depths below 100Í, the majority responding with values 
of R1/R0 closer to 2, which represents jitterless phase-lock. 
Despite this high stimulus level and the large phase-locked 
response-amplitude, the phase distribution is still random. 
However, the number of fibre responses that passed the se-
lection criteria may be too small to show systematic effects. 
Pure tone stimulation at higher intensities. 
Finally the same experiment was repeated in a third ani-
mal at intensities of 75 and 85 dB SPL. The distribution of 
the amplitude and phase of the phase-locked responses to a 
tone of 354 Hz at 75 dB SPL is given in Fig. 6. The data were 
obtained from 409 single primary auditory fibres from one ear. 
Because of the large number of fibres it was possible to set 
the selection criteria as small as RLIMIT = 0.058 and PLIMIT 
= 0.22. 
There are numerous ways of normalizing the response rate 
of the primary fibres, and they all serve the purpose of ma-
king responses from fibres with different CF, spontaneous 
firing rate, sharpness of tuning, threshold, dynamic range, 
response firing rate, saturation level etc., comparable. 
Pfeiffer and Kim (1975) originally used the measure R1/RÍ 
(modulation depth) and made the plots on a linear ordinate. 
In a later paper (Kim and Molnar 1979) a comparison was made 
of several different amplitude response measures: R0-SR, 
R0/SR, RI, R1/R0, RI/SR, R2/SR and R3/SR. From this study it 
followed that the measure RI/SR is the most useful one for 
low frequencies (below 3 kHz) where phase-locking of responses 
occurs, because it is sensitive to small excitation amplitu-
des, has a large dynamic range (in contrast to the value 
R1/R0) and reduces the variability among fibres with different 
fig. 4. 
Population distribution of amplitude and phase of phase-
locked neural responses from single primary auditory fibres 
from a single inner ear of Caiman crocodilus. 
As Fig. 3 but at 60 dB SPL. 
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spontaneous rate. Sachs and Abbas (1974·) and Sachs and Young 
(1979)i trying to eliminate both differences in spontaneous 
firing rate and saturation rate between fibres, used 
(R0/SR)/(RS-SR) where RS is the saturation firing rate. They 
discuss that this criterion shows the same qualitative pro­
perties as the value R0/SR but reduces the scatter among dif­
ferent fibres once more. 
In Fig. 6 a comparison of three of the simplest of these 
amplitude response criteria is made. Fig. 6.1 shows the dis­
tribution of R0/SR, the ratio of the average firing rate du­
ring stimulation with a tone of 35Λ Hz at 75 dB SPL and the 
spontaneous firing rate in the absence of stimulation. As usu­
al each dot represents a measurement from one single primary 
auditory fibre. Only a few units were not activated by the 
stimulus, most units had response rates of between 1 and 3 
times their spontaneous rate and a few units respond with an 
enormous increase in firing rate. The latter units have very 
low spontaneous firing rates. The primary fibres in caiman 
can be divided into two populations with respect to the spon­
taneous firing rate (Fig. 5; Chapter II; Klinke and Pause 
1990). 28% of the fibres have spontaneous rates below 20 
imp/s. Such a division is also found in mammals (Kiang et al. 
1965; Evans 1972; Manley and Robertson 1976; Libermann and 
Kiang 1978; Libermann 1978; Kim and Molnar 1979) and several 
authors have made a separation of their phase-locking ampli­
tude response data for these two populations, omitting the 
ones with low spontaneous rates (e.g. Pfeiffer and Kim 1975; 
Kim and Molnar 1979; Young and Sachs 1979) as they increase 
the scatter in some of the response criteria, since their 
response properties are different from those of the popula­
tion with high spontaneous rates (e.g. Kim and Molnar 1979; 
Palmer and Evans 1980; Evans and Palmer 1980). A functional 
meaning of the division in two populations is not known and 
including the low-spontaneous fibres did not greatly increase 
the scatter in our data. Therefore we have not dealt with fi­
bres from the low-spontaneously active population in a dif­
ferent way, in favour of a greater data density. 
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Fig. 5. 
Histogram of the spontaneous firing rate of primary auditory 
fibres from a single ear of Caiman crocodilus (n = 348). 
Fig. 6.2 shows the amplitude of the phase-locked response, 
normalized by division by the average response rate during 
tone stimulation (R1/R0) as used in Fig. 3 and 4.. This res­
ponse criterion shows the expected high degree of saturation, 
since R1 and R0 both increase with stimulus intensity and the 
value of R1/R0 saturates at 2 (see Methods). The distribution 
of R1/R0 is very broad, being more than an octave to lower 
and to higher BFs than the stimulus frequency, indicated by 
the vertical line in each panel of Fig. 6. Note that in con­
trast to Fig. 3 and U the ordinate in Fig. 6.2 is logarithmic. 
Fig. 6.3 shows the criterion R1/SR for the phase-locked ampli­
tude distribution proposed by Kim and Molnar (1979) for the 
reasons mentioned above. Having a larger dynamic range and 
higher sensitivity this measure has also larger scatter and 
for the 75 dB SPL stimulus intensity shows the same broad 
amplitude distribution as in Fig. 6.2. For comparison with 
the data on the cat (Kim and Molnar 1979) we use the response 
criterion RI/SR for the distribution of the amplitude of the 
fundamental of the phase-locked primary fibre responses in 
all further figures. 
The phase of the fundamental of the PSTH relative to the 
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sound pressure at the eardrum (PI) only depends on RI and 
is therefore not influenced by the choice of R0 or SR as 
the normalizing factor. 
Fig. 6.4 shows the distribution of PI over BF. Note that 
each data point, obtained from a single primary fibre, is 
plotted 4 times, each time shifted by ¿ 1 cycle. This was 
done because the phaselag in all except a very few fibres 
was obtained with 1 cycle ambiguity. 
It becomes clear that at a stimulus intensity of 75 dB SPL 
there is a systematic change of phase with the BF of the pri-
mary fibre population, in contrast to the results obtained 
at 60 dB and 20 dB SPL. This result is different from that 
obtained in cat (Pfeiffer and Kim 1975; Kim and Molnar 1979) 
in two respects: Firstly, systematic phase changes in the 
caiman occur only at much higher intensities (75 dB SPL) 
than in cat (20 dB SPL), although sharp amplitude response 
distributions, similar to those in cat are observed at 20 dB 
SPL in the caiman. Secondly, the scatter in the phase data 
is much larger in caiman than in the cat even though selec-
tion criteria twice as narrow as used in cat were applied. 
Fig. 6. 
Population distribution of different amplitude measures and 
of the phase of the phase-locking neural responses from sin-
gle primary auditory fibres of a single inner ear of Caiman 
crocodilus over the BF. 
bach dot represents the amplitude or phase of the responses 
of one single primary fibre to a pure tone of 354 Hz and 
75 dB SPL. Note that ¿ill amplitude criteria are plotted on 
a logarithmic ordinate in contrast to Fig. 3 and 4. 
Panel 1: Average response rate during tone stimulation divided 
by each unit's spontaneous firing rate (R0/SR). 
Panel 2 and 3: Phase-locking response criteria : Amplitude of 
the fundamental component of the PSTH (Rl) in res-
ponse to pure tone stimulation, normalized by divi-
sion by the average response rate (R0t panel 2) or 
by the spontaneous rate (SR, panel 3). 
Panel 4: Phase of the fundamental of the PSTH of each unit re-
lative to the sound pressure at the eardrum. Each 
phase value is plotted 4 times each time shifted by 
1 cycle because of the ambiquity of the phase (see 
text). 
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dbsolute phase. 
Information on the absolute value of PI was obtained 
from 11 primary fibres by measuring the PI as a function of 
stimulus frequency from 50 Hz upward as long as the fibre 
was held. 
Examples are given in Fig. 7. Each dot represents a PI value 
calculated from a PSTH with at least 600 impulses. The re­
sults are plotted six times in each graph shifted over +_ 1 
cycle. From the resulting set of cumulative phase curves the 
one which extrapolates closest to the origin was adopted as 
the absolute phase as a function of stimulus frequency. Note 
that by application of this procedure a slightly different 
result is obtained as when the phase curves would have been 
shifted by an arbitrary amount to pass through the origin in­
stead of as close as possible to it. Since all necessary phase 
corrections for the set-up were done (see Methods) there was 
no reason to allow for other shifts than multiples of 1 cycle. 
This procedure to obtain absolute phase is rather time-consu­
ming and only successful in units that are kept very long. In 
addition, the procedure conflicted with the requirement of 
measuring data from as many fibres from the same ear as pos­
sible. Therefore the amount of data on absolute phase is rather 
limited but since measurements could be made of fibres with 
BFs spanning the CF range of the caiman, it is sufficient to 
obtain the information of the absolute phase of the populati­
on responses to a given stimulus frequency. The results of 
these measurements, all made at 85 dB SPL, are presented in 
Fig. 8. In two fibres (BF 486 and 561) an ambiquity in the 
phase responses due to insufficient frequency resolution above 
700 and 1000 Hz respectively remained and the trajectory of 
the curves above these frequencies therefore is dashed in the 
Fig. 7. 
Phase of the fundamental of the PSTH of phase-locking neural 
responses relative to the sound pressure at the eardrum of 
two primary auditory fibres of Caiman crocodilus as a func­
tion of stimulus frequency. 
Each phase- value, ob tamed from at least 600 responses, іь 
plotted +_ η cycles to resolve phase-ambiguity. 
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graphs. The absolute phase as a function of the BF of the 
fibres for the five test tone frequencies, 88, 177, 354» 
707 and 1ДН Hz is presented in Fig.9 as the dots connected 
by solid lines. The dashed lines represent estimates of the 
phase obtained from click response data that will be dis­
cussed later. 
Ampli tude and phase distribution at 75-85 dB SPL. 
The distribution of the amplitude and phase response ob­
tained from ¿09 single primary fibres from one caiman ear 
over the BF of the fibres is shown in Fig. 10, 11, 12 and 
13. 
Moving window averages of the amplitude distribution were 
made by convolution of the data with a Hanning function of 
1/4 octave width. This procedure was repeated once in ana-
logy with the method used by Kim and Molnar (1979), and 
Sachs and Young (1979) except for the fact that the former 
used a rectangular weighting function. Since the phase data 
are plotted as (PI ¿1 cycle, η = 0,1,2...) such a procedure 
could not be applied to the phase data without a preselec­
tion of the appropriate data cluster by eye and was there­
fore omitted. The amplitude and phase distributions are given 
for five different stimulation frequencies: 88, 177, 354, 707 
and U H Hz, at two intensities: 75 and 85 dB SPL. The sti­
mulus frequency in each graph is indicated by a vertical line 
at the equivalent BF. Intensity and selection criteria are 
printed below each figure. Note that the lower two phase dis­
tribution plots, for stimulus frequencies of 707 and 1414 Hz 
have an ordinate offset of -1 and -3 cycles respectively. The 
absolute phase values could be obtained by comparison of the 
phase population distribution with the absolute phaselag va­
lues obtained from 11 units (Fig. 8 and 9). The absolute 
phase values are indicated by large dots in Fig. 10-13. The 
dashed lines in the phase distribution plots represent esti­
mates of the phase from click response data to be discussed 
below. Fig. 10 shows pooled results for the two stimulus in­
tensities (75 and 85 dB SPL). The data are plotted without 
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Fig. 8. 
Phase as a function of stimulus frequency for 11 primary 
auditory fibres of Caiman crocodilus. 
Phase is relative to the sound pressure at the eardrum 
(see text). Stimulus intensity 85 dB SPI. 
any selection according to estimates of standard deviation 
of phase-locked amplitude or phase. 
The distribution of the phase-locked response amplitude is 
very broad, having a maximum at BFs close to the stimulation 
frequency. The range between the maximum phase-locked respon­
se amplitude and the "baseline noise" is about ДО dB. A dip 
in the amplitude distributions at about 400 Hz is observed 
at all stimulation frequencies except 1Д14 Hz. This dip is 
an artifact due to the non-uniform sampling of fibres over 
BF: only few units with BFs close to ДОО Hz were contacted. 
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A histogram of the BFa of the fibres is given in Fig. Ή 
where another dip at 177 Hz and a small one at 105 Hz can 
be seen. The relative rareness of fibres with BFa of this 
order of magnitude becomes also visible in the phase distri­
bution plots as a low dot density at these frequencies. From 
Fig. 1Λ it also becomes clear that the result distributions 
are the most accurate in the octave around 707 Hz since many 
more fibres with BF in this range were recorded than with 
other Bfs. Although the scatter is rather large it is clear 
that there are systematic changes in the distribution of the 
phase of the phase-locked neural responses over the BF. Phase-
lag decreases with BF and the slopes of the phase curves be­
come steeper for higher stimulus frequencies. Changes in the 
phase distribution are largest for BFs close to the stimulus 
frequency. The phase distribution in response to the 1Д14 Hz 
stimulus is rather uniform and only the absolute phase values 
obtained from continuous phase versus frequency measurements 
in single fibres (Fig. 8 and 9) give some information. 
Fig. 11 shows the same data after elimination of all data 
points that do not have estimated standard deviations of am­
plitude smaller than 0.058 and of phase smaller than 0.063 
cycles respectively, as proposed by Pfeiffer and Kim (1975) 
and Kim et al. (1979). 
Comparison of Fig. 10 and 11 reveals that the number of data 
points in the phase plots is somewhat reduced by the selection 
procedure, but there is no major reduction in the scatter of 
the data. 
Finally Fig. 12 and 13 present the data at 75 and 85 dB se-
Fig. 9. 
i4bsoiute phase of the fundamental of the neural phase-locking 
response relative to the sound pressure at the eardrum as a 
function of the BF of primary auditory fibres in Caiman croco-
dilus for five different stimulus frequencies. 
Dots and solid lines: values obtained from phase-curves shown 
in Fig. 8. 
Dashed lines: phase calculated from click response data (see 
text). The stimuli were pure tones of 85 dB SPL and frequency 
as given near the dashed lines. 
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рага еіу after application of the same selection criteria. As 
expected the amplitude distribution is broader at the higher 
intensity. The phase distributions look very much the same 
and no reduction in the scatter is seen. The scatter is much 
larger than the estimate of the standard deviation (0.06 cy­
cle) according to which the data points were selected. The 
pooling of the results from the two intensities is therefore 
justified and application of selection criteria as used in 
the cat (Pfeiffer and Kim 1975; Kim and Molnar 1979) appears 
to have only very little practical value in our case, as can 
be seen from comparison with Fig. 10. 
intensity effects. 
In a few units the effects of stimulus intensity on P1 
at a given stimulus frequency was tested. It was found that 
the phase varied with intensity in different ways. Both in­
creases and decreases with intensity are found, as well as 
intensity independent phase. Changes up to 0.5 cycles were 
found, but the amount of data was too limited to obtain more 
details. An example is given in Fig. 15. For stimulus fre­
quencies below the BF of the fibres there is an increase in 
phaselag with increasing intensity. For higher frequencies 
Fig. 10. 
Distribution of the amplitude and phase response of single 
primary auditory fibres from a single inner ear of Caiman 
crocodilus over the BF of the fibres. 
Each dot represents the amplitude (left) or phase (right) 
of the phase-locking responses of a single unit to a pure 
tone stimulus. The frequency of the stimulus is indicated 
by a vertical line m each panel at the BF that equals the 
stimulus frequency. The solid lines represent moving window 
averages of the amplitude distribution (see text). The pha­
se responses of each unit are plotted as Pl+_1 cycle, η » J , 
2,3 relative to the sound pressure at the eardrum. The 
large dots represent absolute phase-values obtained from 
continuous phase measurements m single fibres as a function 
of stimulus frequency (see Fig. 7, 8, 9). The dashed lines 
are estimates of the phase from click responses of the same 
set of primary fibres. The distributions are shown for 5 
different stimulus frequencies· pooled over the range 75-
85 dB SPI. 
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Fig. П. 
As Fig. 10 but only those values that have estimated standard 
deviation of the amplitude smaller than 0.058 and of the pha­
se smaller than 0.06 cycles (PLIMIT<0.393 rad) are displayed. 
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Fig. 12. 
As Fig. 11 for stimulus intensity of 85 dB SPL. 
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Fig. U. 
Histogram of the BFs of single primary auditory fibres 
from one ear (n = 348). 
the change in phaselag becomes smaller and for frequencies 
above BF a decrease in phaselag occurs in the unit with the 
higher BF. The fibre with the lower BF (578 Hz) was highly 
spontaneously active and the intensity functions for the a-
verage response rate are steep, whereas the unit with higher 
BF (1335 Hz) has low spontaneous activity and less steep in­
tensity functions. BF-thresholds in both units are low (20 
and 10 dB SPL respectively). The intensity functions for the 
phase-locked response (R1) are presented as well. The thresh­
old for response modulation in both fibres is lower than the 
average rate thresholds. The phase-locked response rate was 
higher in the unit with the lower BF reaching close to the 
theoretical limit of twice the average rate where all im­
pulses are perfectly synchronized, whereas in the other unit 
only phase-locked rates lower than the average response rate 
were reached. 
Values for the absolute phase at 85 dB SPL are available in 
both units and indicated by the boxes in the lower panels 
(Cf. Fig. 8 ) . Phase ambiguities do not occur due to the close 
Fig. 13. 
As Fig. 12 for stimulus intensity of 75 dB SPL. 
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Effect of stimulus intensity on R0, RI and PI of two primary 
auditory fibres of Caiman crocodilus (see text). 
spacing of the intensity steps. 
In unit 26-329 the measurements at 85 dB SPL were repeated 
after a time lapse of more than 1 hour and illustrate the 
-115-
reproduceability of the results. 
Click stimulation. 
In a linear filtering system the average group delay 
can be obtained equally well from its impulse response as 
from the amplitude and phase responses of the system as a 
function of frequency. The weighted average group delay 
calculated from the amplitude and phase response is identi-
cal to the center of gravity of the impulse response energy 
(Goldstein et al. 1971). Such relations appear to hold lar-
gely for cochlear filtering (e.g. de Boer 1979; Eggermont 
1979atb; Gummer and Johnstone 1983) and have been shown to 
exist in primary auditory fibres as well (Goldstein et al. 
1971) by comparison of group delays obtained from phaselag 
of the phase-locking neural responses with latencies of res-
ponses to clicks.· 
We have estimated this group delay from the envelopes of 
the compound PSTHs in response to click stimulation (see e.g. 
Goblick and Pfeiffer 1969) at 100 dB SPL, taking the delay of 
the maximum of the envelope as an estimate of the minimum 
phase group delay plus the neural delay or transmission delay 
(see note 1 ). We also measured this same delay at the BF of 
the fibre from the continuous phase responses of the 11 fi-
bres presented in Fig. 8. A comparison of the delays obtained 
with these two methods from the same primary fibre is given 
in Fig. 16. It appears that the latencies as measured from 
the click responses are generally somewhat shorter than those 
obtained from the continuous phase responses. 
The dashed and the dot-dashed curves show least square fits 
of an exponential function a.f +c (see e.g. Anderson et al. 
1971), the hatched line and the solid line are least square 
fits for a prefixed value of the asymptote (c = 1.4-9 ms) as 
an estimate of the fixed neural delay (Cf. Anderson et al. 
1971). This will be discussed below, at the moment it is only 
to be demonstrated that there is a close agreement between 
the delays estimated from click responses and from continuous 
phase measurements in single fibres. The small difference may 
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be the result of intensity differences since the click data 
are obtained at 100 dB SPL and the pure tone data at 85 dB 
SPL. It is wellknown that click response latencies become 
shorter at higher intensities in mammals (e.g. Kiang 1965). 
This was also demonstrated in the caiman (Klinke and Pause 
1980). 
Given the close agreement between the delays obtained 
from continuous phase measurements (Fig. 8) where only mea­
surements from 11 fibres are available, and from click res­
ponses, the latencies were estimated from the compound click 
responses, since data from 187 units from the animal were 
available. 
Anderson et al. (1971) described the relation between group 
delay and best frequency by a power law. This involved sub­
traction of an asymptotic constant neural delay, the remain­
der being interpreted as average travel time along the basi­
lar membrane. 
An estimate of this neural delay in the caiman was made from 
the latencies of the first detectable peaks in the single 
PSTHs to click stimulation using a visual detection criterion 
(Fig. 17). The upper panel in Fig. 17 shows the latencies of 
the first detectable peak in response to condensation clicks. 
The responses form a fairly homogeneous population although 
some values deviated from the bulk at frequencies between 
500 and 2000 Hz. A least square fit was made through the data 
excluding 7 of these data points on the suspicion that they 
were not from the first possible peaks in response to conden­
sation clicks. This fit yields: 
т
е 1 = 0.¿.BF
(
"
1,2)
 + 1.5 (9) 
with τ in ms and BF in kHz and is shown as the solid line in 
Fig. 17. The suspicion that 7 data points represent values 
from the second and not the first peak in the PSTH is suppor­
ted by the good fit of the function τ - = 'r
c
i + (1/BF) to the­
se points as shown by the dashed line in the same graph. The 
function τ
 0 is calculated from the fitted τ •> using the c¿ ci 0 
- 1 1 7 -
[ms] 
τ 1 
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Fig. 16. 
Croup delay of neural primary fibre responses at BF deter­
mined from continuous phase responses as a function of fre­
quency at 85 dB SPL (Щ·) and estimated from the maxima of 
the envelopes of the compound PSTHs in response to clicks 
(see note 1) of 100 us duration and amplitude equal to that 
of a pure tone of 100 dB SPL (O). 
-lie-
fact that like in mammals (e.g. Kiang 1965) multiple peaks 
in the click histograms in caiman are spaced in time by a va­
lue 1/CF (Klinke and Pause 1980). 
The lower panel of Fig. 17 shows the latencies of the first 
detectable peak in response to rarefaction clicks. These data 
fall into two populations, one with quite low scatter, compa­
rable to the condensation click responses, and latencies lon­
ger than the ones in response to condensation clicks, the 
other with more scatter and latencies shorter than the ones 
in response to condensation clicks. These data suggest that 
in defining the first detectable peak in the PSTHs to rare­
faction clicks, in many cases this peak was not the first 
one possible but the second one. The first one would have 
been detected only at stimulus levels higher than 100 dB SPL. 
The solid curves in the lower panel of Fig. 17 represent peak 
latency values for the first and the second peak in response 
to rarefaction clicks calculated from: 
T
r1 = T C 1 - ( 1 / ( 2 B F ) ) (9a) 
and 
T
r2 = τΓΐ + 1 / B F ( 9 b ) 
The value τ „ fits the population of "second peaks" very well, 
whereas the curve τ .. appears to be like the lower boundary 
of the population of "first peaks" having an asymptote of 1.5ms. 
These results suggest that probably all units in caiman respond 
with shortest latencies to rarefaction clicks as is the case 
in mammals (see Evans 1975) and that a separation into two 
populations with respect to click responses as conceived by 
Fig. 17. 
Latencies of the first detectable peak in the PSTHs in res­
ponse to condensation and rarefaction clicks from primary 
auditory fibres from one caiman ear. The delay is relative 
to the onset of the acoustical pressure click at the eardrum. 
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Klinke and Pause (1980) is not justified. We adopted the 
value of 1.5 ms as the shortest possible latency (neural de­
lay) in all further calculations. The value is slightly abo­
ve that found in the cat (1.3 ms, Kiang et al. 1965) and some­
what higher than in guinea pig (0.7 ms, Evans 1972). 
The latencies of the maxima of the envelopes of the com­
pound PSTHs to clicks from 187 primary auditory fibres as es­
timates of the group delay (including the 1.5 ms neural delay 
outlined above) are plotted in Fig. 18 as a function of the 
BF of the fibres. Two fits are made: a least square fit of 
a power function a·f + с, with and without a predefined a-
symptotic value of с = 1.5 ms. The latter fit, the solid line 
in Fig. 18, is adopted for the description of the relation 
between τ (group delay plus click latency) and BF as 
T
m
 - 1.5 = 1.2.BF"1 (10) 
with τ in ms and BF in kHz. The time delay τ was used to 
m 
calculate phase values as a function of BF at a given sti­
mulus frequency according to 
φ(ΒΡ) = -T
m
(BF).f (11) 
where f is the stimulus frequency in kHz and φ the resul­
ting phase in cycles. 
A comparison between these phase curves and the phase cur­
ves obtained from the continuous phase measurements is made 
in Fig. 9 for the five stimulus frequencies used to determine 
the population responses. There is a very good agreement 
between these two sets of results but the absolute phase data 
from the continuous phase measurements appear to flatten at 
lower best frequencies. The phase curves obtained from 
φ(ΒΡ) = -f·(1.2 BF - 1 + 1.5) for the five stimulus frequencies 
are also shown in Fig. 10-13 and agree very well with the pha­
se distributions obtained from the phase-locking responses to 
tonal stimuli. 
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DISCUSSION. 
The distributions over BF of amplitude and phase of the 
phase-locked neural responses of a large population of single 
auditory primary fibres in response to a continuous tone are 
qualitatively comparable to those obtained in cat (Pfeiffer 
and Kim 1975; Kim and Molnar 1979). 
Two differences exist however: Firstly the intensities of the 
pure tone stimuli, needed to produce systematic effects on the 
distribution of the phase responses, were higher than in cat 
by about 60 dB. At low intensities (20-60 dB SPL) phase dis-
tributions appear to be random, although the amplitude distri-
butions are similar to those found in cats. Systematic effects 
in the phase data could only be observed in caiman at inten-
sities of 75-85 dB SPL where the amplitude distributions be-
come very broad. Secondly there is a scatter in both the am-
plitude and phase distributions that is larger than in the 
cat and that is hardly reduced by selecting data according 
to estimates of standard deviations for amplitude or phase. 
The primary fibre thresholds in caiman are as low as those 
in mammals (Cf. Chapter II, Fig. 18; Klinke and Pause 1980) 
and primary fibre thresholds in the animals used for these 
experiments were low even one week after the start of the 
experiments (e.g. unit 329 Fig. 15) indicating excellent 
condition of the preparations. In addition the amplitude 
response distributions are similar to those reported from 
cats. Therefore the difference of about 60 dB between the 
intensities needed in cat and caiman to produce systematic 
effects in the phase distributions cannot be due to sensiti-
vity differences or poor condition of the preparations. 
A possible explanation is that the smaller number of fibres 
recorded in the animals, where low intensities of stimulation 
were applied, together with the larger scatter in the phase 
response distributions obscured the effects. 
Possible sources of larger scatter than reported in cats, 
despite low estimates for the standard deviations, are small 
differences in the BF and the CF, differences in the thresholds 
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Fig. 18. 
Latencies of the maximum of the envelope of the compound 
click PSTHs of the same set of data as in Fig. 17 relative 
to the sound pressure at the eardrum. 
and sharpness of tuning of units with similar BF, poorer 
phase-locking of neural responses in caiman, the great varia-
bility in spontaneous rate and the different innervation pat-
tern. The BFs were obtained from iso-intensity frequency res-
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ponses at an intensity of 20 dB above an initial audiovisual 
guess of CF-threshold. BF in some caiman primary fibres 
shifts to lower frequencies with higher intensities, but in 
others to higher frequencies or remains the same with increa­
sing intensities (Chapter II). Therefore small errors between 
BF and CF may occur in the order of maximal 1/6 octave as 
estimated from the response area data of primary auditory 
fibres (e.g. Chapter II, Fig. 9)· These errors are certainly 
not larger than those made in cats (Pfeiffer and Kim 1975; 
Kim and Molnar 1979) where CF was estimated from click res­
ponses or from audiovisual subjective estimates. Errors in 
the BF therefore are probably not the source of the differen­
ce in scatter between the results from caiman and cat. 
Differences in the thresholds and sharpness of tuning of 
single fibres with the same BF might be a source for scat­
tered amplitude and phase responses. Since the test tone 
stimulus was constant for all fibres, the relative intensity 
above threshold of units with the same BF but different 
threshold is different. Since the phaselag observed may chan­
ge with intensity, dependent on whether the stimulus frequen­
cy is above, below or at BF (see Fig. 15; Klinke and Pause 
1980) different lags for units with the same CF but different 
thresholds are to be expected. This behaviour may be compli­
cated once more by the effects of differences in Q-tQjD in 
units with the same BF since the sharpest units at the same 
BF will have the longest delay times and largest phaselags 
(Cf. Goldstein et al. 1971). Thus for instance in units with 
BF above the stimulus frequency that have low thresholds and 
high Q-1QJD phaselag will be larger than for units with high 
thresholds and low Q-IAJD· The variation in thresholds and 
sharpness of tuning in caiman primary fibres with the same 
CF is large, even in single animals: 50 dB for threshold 
range and about a factor 3 for Q-injo (Klinke and Pause 1980) 
and there is a tendency for units with higher thresholds to 
have lower Q-igdB* ^і^З- 0 1 1 3 of thresholds and Q-IQJD in the 
same order of magnitude also occur in the cat. A similar re­
lation between threshold and Q-IQJD exists (Kiang et al. 1965) 
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and changes of phaselag with intensity probably occur as well, 
inferring from the squirrel monkey (Anderson et al. 1971). 
Therefore this source of scatter should be similar both in 
cat and caiman and cannot be responsible for the large diffe-
rences found. 
One possible explanation might be the lack in caiman primary 
fibres of low-frequency tails (Klinke and Pause 1980) that 
do occur in cats (Kiang and Moxon 1974-). This means that fi-
bres with high CF are more readily stimulated by low-fre-
quency stimuli in cat than in caiman, thereby causing smaller 
scatter in the phase at BFs above the stimulus frequency than 
in caiman. This reasoning however concerns only fibres with 
CF say above 6 kHz in cat and only very few units at that CF 
pass the selection criteria (Pfeiffer and Kim 1975) so that 
this explanation does not hold either. 
The difference in innervation pattern is another possibility. 
In caiman afferent primary auditory fibres connected to inner 
hair cells (IHC) receive inputs from up to 3 cells and fi-
bres contacting outer hair cells (OHC) can receive inputs 
from more than 3 cells (v.During et al. 1974.). Since the re-
lation between fibres from IHC and OHC is 60% to A0% and 
the diameters of the primary fibres are about the same, our 
sample of data will be from both types of fibres. In cat all 
data is probably from IHC and each of the 95Í of the fibres 
that contact these IHC only contacts a single receptor cell. 
Another source of scatter, especially in the amplitude data, 
may be the long-time instability of spontaneous firing rate 
in caiman primary fibres (Chapter II) and especially in the 
phase data a poorer phase-locking due to more dispersed sy-
naptic transmission, as suggested by the results from gold-
fish saccular fibres (Ishii et al. 1971) and general synapse 
physiology (e.g. Katz and Miledi 1965; Barrett and Stevens 
1972; Furukawa et al. 1972) at lower temperatures (270C in 
caiman). 
Quantitatively the phase changes over BF for a given sti-
mulus frequency, measured at BF corresponding to this fre-
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quency, are 0.6 cycle/ос (88 Hz), 0.9 cycle/oct (177 Hz), 
0.9 cycle/oct (354 Hz) and 1.1 cycle/oct (707 Hz). In cats 
values of 0.8 cycle/oct at 300 Hz and about 1 cycle/oct at 
600 Hz (estimates from Fig. 2 of Pfeiffer and Kim 1975) were 
obtained, which is practically the same as in caiman. Data 
obtained by Kiang and Moxon (1974)ι also in cat, show a 
phase change of about 0.2 cycle/oct at 300 Hz, but as pointed 
out by Kim and Molnar (1975) the data points are spaced too 
far in this case to resolve 2 π ambiguity. 
In the cat where a travelling wave mechanism in the basi­
lar membrane motion is known to exist (e.g. Evans and Wilson 
1975; Khanna and Leonard 1982) the population responses have 
been interpreted to reflect basilar membrane properties. For 
instance estimates of the wave length of the travelling 
wave are made directly from the neural phase change over 
BF near the frequency where maximum excitation is reached 
(Kim and Molnar 1975) using a frequency-place map of the 
mammalian basilar membrane (e.g. Schuknecht I960). 
Phase responses of primary auditory fibres as a function of 
stimulus frequency also appear to reflect mammalian basilar 
membrane phase characteristics (Anderson et al. 1971? 
Geisler et al. 1974; Geisler and Rhode 1982). The inverse 
reasoning however, that certain neural amplitude and phase 
population responses as observed in the caiman, that are 
qualitatively and even quantitatively comparable to those 
in the cat, have to result from a travelling wave mechanism, 
is not necessarily valid. 
First of all it should be known whether a tonotopic mapping 
of frequency on the basilar papilla of the caiman inner ear 
exists, otherwise it is not possible to infer from informa­
tion as a function of BF to position along the basilar mem­
brane. Only if there is tonotopy, the neural amplitude and 
phase distributions observed in caiman can reflect similar 
distributions spatially along the basilar membrane. Tono­
topic organization of the inner ear in caiman is probable 
from anatomical data (v.During et al. 1974; Leake 1977) and 
physiological neural data show tonotopic organization in the 
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ргішагу auditory п г (Klinke and Pause 1980) and higher 
auditory centers (Manley G. 1970; Manley J. 1971). Direct 
measurements of the basilar membrane motion in the caiman 
(Chapter IV) showed that a tonotopic frequency-place map­
ping of the basilar membrane vibration and a travelling wave 
similar to that in mammals indeed exists. In the basal end 
of the papilla in the frequency range of approximately 1000-
2000 Hz an average change in frequency of 0.7 oct/mm occurs 
(Chapter IV). Assuming a similar value for the low-frequency 
range and assuming that "phase data from cochlear nerve fi­
bres may reasonably well reflect basilar membrane phase cha­
racteristics" (Kim and Molnar 1975) the wave lengths at the 
place of maximum vibration for the data of Fig. 10-13 are 
2.3 mm (88 Hz), 1.6 mm (177 and 354 Hz) and 1.3 mm (707 Hz). 
In the cat the wave length obtained was 2.2 mm at all fre­
quencies tested (300-2400 Hz). 
However, the distribution of amplitude and phase of the neu­
ral population responses over BF can be produced by mechanisms 
other than travelling waves on the basilar membrane. 
Let us consider the possibility that tuning in caiman is 
achieved by the properties of the hair cells alone, without 
a contribution of the mechanics of the inner ear and without 
tonotopic organization in the hair cell properties along the 
basilar papilla. All hair cells receive the same vibratory 
input, the signal being filtered only broadly by the middle 
ear transfer characteristics. It is clear that in such a case 
there is no physiological advantage in having a tonotopic 
mapping on the papilla, since the input to the cells at any 
position would be the same. 
The distribution of the amplitude of the phase-locking neural 
responses could still be the same as those found in the pre­
sent experiments if presented as a function of BF. Those 
units that have a BF close to the stimulus frequency are ac­
tivated more than those with BF further from the stimulus 
frequency. The amplitude distribution over BF is merely the 
reflection of the tuning curves of single fibres with a cer­
tain BF as a function of the difference between their BF and 
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the stimulus frequency: Let two fibres have a different BF, 
one a BF equal to the stimulus frequency and the other a BF 
of 0.5 octave higher and both have the same BF-threshold and 
the same low-frequency threshold slope of -80 dB/octave. An 
increase of ДО dB in intensity of the stimulus frequency 
that activates the first fibre would be needed to activate 
the second unit as well. Since all responses however are re­
corded at the same intensity this means that units with BF 
away from the stimulus frequency are less or not activated. 
Although the thresholds for phase-locking are normally lower 
than those for activation of the average response rate the 
relative relations for phase-locking responses are identical. 
This explains the sharply limited amplitude distribution 
found at low stimulus intensities and the broadening of 
the amplitude distribution at high intensities. The former 
is an expression of the sharpness of the tips of the tuning 
curves of primary auditory fibres in caiman and the latter a 
combined effect of the intensity increase per se, the flat­
ter slopes of the tuning curves at high intensities, which 
causes a more than proportional broadening of the bandwidth 
with intensity, and the saturation of phase-locked and ave­
rage rate responses at high intensities. Since the tuning 
curves are asymmetrical, in that the low-frequency slopes 
are less steep than the high-frequency slopes, one would 
expect that the broadening of the amplitude response distri­
bution is larger at the high BF side, that is for units with 
BF above the stimulus frequencies towards higher frequencies. 
This effect may however be counteracted by changes of the CF-
thresholds with BF. If for instance at BF above the stimulus 
frequency the BF-thresholds increase with BF the broadening 
of the response at the high BF side will be more reduced. The 
important point is that all the above effects will occur in 
any array of tuned elements irrespective of their spatial ar­
rangement, when they all receive the same input, that is when 
there is no mechanical spatial filtering mechanism before the 
hair cells. 
From the amplitude distribution of the phase-locked neural 
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responses over BF it is therefore impossible to draw conclu­
sions on mechanical filtering or even tonotopic organization 
in caiman. 
As far as phaselag is concernedi consider an array of 
identical band-pass filters all having the same CF. For in­
stance, band-pass filters of an order 2-8 have been used to 
model reverse correlation functions (de Boer 1975.1979) or 
ganglion cell tuning curves and group delay functions 
(Gummer and Johnstone 1983)· The phase response of a band­
pass filter, consisting of a single pole low-pass followed 
by a single pole high-pass filter, is given by: 
φ(ω) - 2 ~ агс'''ап(ш/шп ) - arctan((ij/ü), ) (12) 
where ω, and ω, are the cut-off frequencies. For a cascade 
of η such filters with the same cut-off frequencies the phase 
response is given by: 
Φ
η
(ω) = η·φ(ω) (13) 
and taking 
ω1 = ШЬ = B F* 2 7 r (1¿) 
this is equal to 
Φ
η
(ΐ) = η·{π/2 - 2 arctan (J^)} (15) 
for a given BF as a function of f where f is the stimulus 
frequency. The population response of a population of such 
filters as a function of their BF for a given constant sti­
mulus frequency can be written as 
Φ
η
(ΒΓ) = n{2 arctan(f^)- £} (16) 
that is phaselag decreases as a function of BF having stee­
pest slope when BF is close to the stimulus frequency ac-
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cording to the arcus-tangens function. The change of phase 
of the neural population response over Д π radians going 
from 2 octaves below to 2 octaves above the stimulus fre­
quency of 354 or 707 Hz suggests an order of η = 4· (see 
Fig. 9). 
Phase distributions showing decreasing lag as a function of 
the filter central frequency, for a given constant stimulus 
frequency can occur in any array of tuned elements, irre­
spective of their spatial arrangement. If the BF of the fil­
ter is above the stimulus frequency the phaselag between in­
put and output will be smaller. The lag will decrease when 
BF moves further away above the stimulus frequency. The op­
posite holds for BFs below the stimulus frequency, phaselag 
is larger and increases when BF moves further down the sti­
mulus frequency. 
In the actual case the neural filters are not all the same, 
but the general tendency of the phase distribution over BF 
is only quantitatively influenced by that. The sharpness of 
tuning in caiman primary fibres is found to increase with 
BF (Klinke and Pause 1980). Therefore the decrease in phase-
lag with increasing BF will be somewhat smaller than in the 
case of identical tuning curves for each primary fibre. This 
can also be seen from (16) when making η an increasing func­
tion of BF. 
Although the distributions of amplitude and phase over 
BF of the primary auditory fibres in caiman show excellent 
qualitative and quantitative agreement with those obtained 
from cat, they can be interpreted as expressions of the fil­
ter properties of any array of tuned elements and do not 
allow to draw conclusions on an eventual contribution of 
the inner ear mechanics to frequency selectivity in caiman. 
The great similarity however between the data obtained from 
caiman with those obtained in cat suggests that the under­
lying mechanisms are similar. 
Click responses. 
Additional information can be obtained from the click 
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response data and the single unit phage responses as a func­
tion of stimulus frequency. Estimates of the group delay in 
primary fibres at BF from continuous phase measurements and 
from click responses are in very good agreement. This is al­
so found in the cat (Goldstein et al. 1971). 
In single primary fibres phaselag as a function of stimulus 
frequency increases fairly linearly in caiman. Such behavi­
our has also been observed in the squirrel monkey (Anderson 
et al. 1971; Geisler et al. 1974.) and cat (Goldstein et al. 
1971). In a few units the phase response shows a clear break 
above the BF of the units (Fig. 8) and must be approached 
by two straight lines. Such behaviour has also been found in 
mammals for fibres with low CF (Pfeiffer and Molnar 1970). 
The group delay at the fibres BF contains contributions 
from the middle ear and inner ear mechanics, the hair cells, 
the hair cell neural synapse and the nerve fibre up to the 
recording site (Cf. Anderson et al. 1971; Gummer and 
Johnstone 1983). 
The neural delay, which includes all delays after the 
filtering process up to the recording site, was estimated 
from the minimum latencies of click responses. Its value of 
1.5 ms (at 100 dB SPL) is higher than the value of 1 ms 
(at 118 dB SPL) obtained by Klinke and Pause (1980) also 
in the caiman. Values in warmblooded animals are 1.1 ms 
in the pigeon (Sachs et al. 1974), 1-1.3 ms in the cat 
(Kiang et al. 1965; Goldstein et al. 1971; Kim and Molnar 
1979) and 0.7 ms in the guinea pig (Evans 1972). 
The group delay estimates in the caiman varied from 7.6 ms 
at 200 Hz to 2.1 ms at 2000 Hz (τ = 1.2f"1 + 1.5 ms, f in 
m 
kHz). This value is quite comparable to that found in the cat 
(7 ras at 200 Hz to 2 ms at 2000 Hz, Goldstein et al. 1971) 
and the squirrel monkey (7.3 ms at 200 Hz to 2 ms at 2000 Hz, 
Anderson et al. 1971). 
The group delay minus the neural delay was interpreted as 
travelling wave travel time in the squirrel monkey (Anderson 
et al. 1971). The group delay however must include the res-
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ponse time of the filtering process and therefore the click 
latency appears to be a better estimate of travelling wave 
delay. 
Click latency data after subtraction of the neural delay 
have been interpreted as travelling wave delay in the cat 
(Kiang et al. 1965) and in the guinea pig (Evans 1972), but 
also in the pigeon (Sachs et al. 1974.). According to de Boer 
(1979) and Eggermont (1979a,b) part of the latency is not 
due to travelling wave delay, but is to be attributed to the 
filtering delay. 
The click latencies in caiman varied from Д ms in fibres 
with BF of 100 Hz to 1.5 ms at 2000 Hz. Allowing for a some­
what larger neural delay in the caiman than in the mammals, 
because of the lower temperature (27 C), these latencies are 
only slightly shorter than those in mammals (Cf Klinke and 
Pause 1980; Kiang 1965; Evans 1972; Kim and Molnar 1979) and 
quite similar to those obtained in the pigeon (Sachs et al. 
197-i). 
This agreement is quite surprising with respect to the small 
lengt of 4·· 5 mm of the basilar membrane in caiman compared 
to the mammal. 
It has been questioned by Klinke and Pause (1980) whether the 
inverse relationship between click latency and CF as found in 
caiman in their and the present experiments (Fig. 17) is re­
lated to travelling wave delays. They suggest that the in­
crease of click delay at lower CF may be an expression of the 
response time of the "basilar membrane filters". Such an in­
creased delay, if due to the filtering process will increase 
the group delay of the impulse response, but not the time 
of the onset of the response, that is the click latency. 
However, as pointed out by de Boer (1979). part of the click 
latency, which is the latency of the first detectable peak 
in the click PSTH, really is a filtering delay since it ta­
kes some time (virtual delay of about 0.5 times the period 
of the response) for the responses to reach visual detection 
level. It is possible that the click latencies as found in 
the present experiments may be explained by a neural delay 
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plus such a virtual delay, but on the other hand it ia re­
ported that in the alligator lizard, where a travelling wave 
mechanism probably does not exist since there is no tonotopic 
mapping of mechanical responses in the basilar membrane 
(Реак and Ling 1980), the latencies of the click responses 
do not show variations with the BF, but are approximately 
the same for all fibres (Turner 1980) which, according to 
the authors, indicates absence of a travelling wave. As there 
seems to be no reason why click responses in the alligator 
lizard should not have virtual delays, there is a fundamental 
difference between the click latency population distribution 
in caiman and the alligator lizard. 
Although all the response criteria used in this study: 
distribution of amplitude and phase of phase-locking respon­
ses to pure tones, the phase responses of single fibres as 
a function of frequency and intensity, the group delay from 
single fibre phase responses and click responses and finally 
the click response latencies show extreme qualitative and 
quantitative agreement with the data obtained from mammals, 
and all of these response criteria have been interpreted by 
several workers to reflect properties of travelling waves, 
the data remains indirect and fails to provide evidence 
against the existence of a travelling wave, thereby only put­
ting more stress on the question that initialized these ex­
periments: "Is there a travelling wave mechanism in the cai­
man inner ear?" 
The final answer can only be given by direct measurements. 
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Note 1. ESTIMATES OF GROUP DELAY FROM CLICK PSTHs. 
The group delay from continuous phase responses is: 
τ - - -j— Ф(ш) wich ω = 2π·£ (17) 
g da) 
The group delay of a band-pass filter can also be de­
fined as the centre of gravity of the impulse response 
energy: 
œ
2 « · 2 
τ, - ƒ t'h (t) dt I ƒ h (t) dt where h(t) is the en- (18) 
о о 
velope of the impulse response function (Goldstein et 
al. 1971). 
For a cascade of η band-pass filters with bandwidth 2a, 
the envelope of the impulse response is: 
h(t) = tn~1'e~at, t>0, n>l (19) 
00 
In general ƒ t P ' e C t d l = - -
 + J (-l)Pp! , for c<o (20) 
о c
P 
From (19) and (20): 
CD 
ƒ fh2(t) dt « 1-^r- (-l)2n'1(2n-l)! and (21) 
o (-2a)¿n 
J h2(t) dt = 1 (-l)2n~2(2n-2)! (22) 
o (-2a)Zn'1 
From (18), (21) and (22) τ, = Щ^- (23) 
i ¿a 
The location t of the maximum of the envelope of the 
m
 r 
impulse response is implicitly defined by the equa-
tion: 
%tb(t) = 0 C24; 
The result is t = ^^- (25) 
m a 
The relation between τ. and t is thus given by: 
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For a cascade of 4 band-pass filters, which is at least 
needed to fit neural data (de Boer 1975,19791 Gummer and 
Johnstone 1983), it follows that t
m
 = уТ^. 
This indicates that an error of less than 15% is made in 
most cases by estimating the group delay from the maximum 
of the envelope of the compound PSTH in response to click 
stimuli. 
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CHAPTER IV. 
DIRECT MEASUREMENTS OF THE VIBRATIONS OF THE COLUMELLA FOOT-
PLATE AND THE BASILAR MEMBRANE IN Caiman crocodilusx). 
INTRODUCTION. 
The role of the middle ear and of the basilar membrane 
(BM) mechanics in frequency sharpening in the caiman has 
not been investigated directly. 
Morphologically and antomically the inner ear in caiman 
resembles that in birds to a high degree (Baird 1974; 
v.During et al. 1974; Leake 1976,1977; Wever 1978; Takaaaka 
and Smith 1971; Tanaka and Smith 1978; Hirokawa 1978). From 
the resemblance of these inner ears with the mammalian inner 
ear (e.g. Smith 1981) one would expect travelling wave mecha-
nisms similar to those found in mammals (e.g. von Békesy 
I960; Johnstone and Boyle 1967; Rhode 1971; Wilson and 
Johnstone 1972,1975; Sellick et al. 1982; Khanna and Leonard 
1982) to occur in the caiman and in the bird. The finding that 
"resonance curves" that are tonotopically mapped, occur on the 
BM of the chicken also suggests such a mechanism (von Békesy 
1960). 
Physiologically the properties of primary auditory fibres 
in caiman show large similarities with those of mammals 
(Pause 1978; Klinke and Pause 1977,1980; Chapter III), but 
there are also differences indicating that tuning mechanisms 
in caiman differ from those in mammals (Kauffmann 1974; Klinke 
and Pause 1980). A major difference is that the characteristic 
frequency (CF) of the primary fibres in caiman shifts strongly 
with temperature changes (see Chapter II). This phenomenon is 
also found in the pigeon (Schermuly 1982; Schermuly and Klinke 
1982), the gecko (Eatock and Manley 1976,1981) and the toad 
(Moffat and Capranica 1976) but does not occur in cat 
x) The experiments were carried out in collaboration with 
Dr. J.P. Wilson, Keele University, Keele, U.K. 
-136-
(Smolders and Klinke 1977; Klinke and Smolders 1977) and 
guinea pig (Gummer et al. 1982; Gummer to be published). 
Estimates of the cochlear mechanical excitation patterns 
using an indirect method have been made in mammals (Pfeiffer 
and Kim 1975; Kim and Molnar 1979) and since this method is 
non-invasive it was used in the caiman as well (Chapter III). 
The results showed that the distribution of amplitude and 
phase of the phase-locking responses of hundreds of primary 
fibres to the same pure tone stimulus, are qualitatively and 
quantitatively nearly the same as in the mammal. Other pri-
mary fibre properties that have been interpreted to reflect 
travelling wave properties in mammals like the group delay 
obtained from single fibre phase and click responses 
(Anderson et al. 1971; Goldstein et al. 1971) and response 
latencies to clicks (Kiang et al. 1965; Evans 1972; Kim and 
Molnar 1979) also were qualitatively and quantitatively com-
parable in caiman and mammals (Chapter III). 
These findings support the hypothesis that tuning mecha-
nisms in caiman are similar to those in mammals and are me-
diated by a travelling wave, but since the evidence is in-
direct this hypothesis can only be confirmed by direct ob-
servations of the BM mechanics. 
We therefore have made such measurements in the caiman 
in cooperation with Dr. J.P. Wilson, using a capacitive probe 
technique (Wilson 1973) that has been used to measure the BM 
response in the guinea pig (Wilson and Johnstone 1972,1975), 
cat (Evans and Wilson 1975) and the bat (Wilson 1977; Wilson 
and Bruns 1983). This method has the disadvantage of being 
invasive. The inner ear must be opened and the scala tympani 
must be partially drained at the recording site. Recent mea-
surements from the guinea pig (Sellick et al. 1982) and cat 
(Khanna and Leonard 1982) have shown that mechanical tuning 
is heavily deteriorated by interferences with metabolism and 
slightest damage of the ears. As far as the question of the 
nature of mechanical tuning in the caiman and its role in 
tuning and the effects of temperature on tuning is concerned, 
the method will allow us to establish whether mechanical fre-
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quency analysis takes place in the caiman inner ear and if 
so, whether it involves a travelling wave mechanism, and 
whether it depends on temperature to an extent that it can 
explain the effects of temperature observed in the primary 
fibres. 
METHODS. 
For the direct measurements of inner ear and middle ear 
vibrations six Caiman crocodilus were used. One large ani-
mal, weight 8.0 kg, was used to develop the dissection tech-
nique to approach and open the inner ear. The remaining five 
animals were all about the same size, 97-105 cm and had 
weights of 4.3-6.2 kg. One of the animals was a geographic 
race (Caiman crocodilus yakare (DAUDIN), Wermuth and Fuchs 
1978) with a slightly smaller head than the other animals. 
The animals were from the same stock as all our other ani-
mals and had been kept under identical conditions (see 
Chapter II). 
Preparation. 
The initial phase of the preparation was identical to 
that described in Chapter II. It involved anaesthesia, tra-
cheotomy, artificial respiration, mounting in the head hol-
der, removal of the upper earlid, placement of the cooling 
and warming equipment in the mouth and around the neck. 
The inner ear was exposed by a lateral approach similar to 
the method used by Kauf f mann (1974.). The tympanic membrane 
and the middle ear structures were left intact. Parts of 
the upper and lower jaw and of the underlying muscles were 
removed using the large mandibular nerve as a guideline, 
since this leaves the brain-case caudoventrally of the 
prooticum. The latter was made thin using a dental drill 
and then a hole was picked in it with forceps and scalpels, 
thus allowing access to the columella (stapes) footplate 
(CFP), the oval and round window and the outside of the in-
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ner ear, called cochlear duct by its homology to the cochlea 
in mammals (see Fig. 1). The proximal part of the cochlear 
duct, a fibrocartilaginous structure, was carefully opened 
using scalpels and watchmakers forceps giving access to the 
scala tympani and the scala tympani side of the BM over the 
proximal 1.5 to 2 mm. This last step of the preparation in-
volved splitting of the membranous wall of the scala tympani. 
The experiments were carried out on a three stage vibra-
tion isolated table in the laboratory at room temperature. 
The temperature of the head of the animals could be changed 
using the mouth thermode and tubings around the head and 
neck of the animal as described in Chapter II. Since rather 
large animals were used for these experiments in comparison 
to the primary fibre temperature experiments, additional coo-
ling with ice bags placed on the animal during cooling and 
additional heating with a heating plate and inflation of 
warm air under a tent spanned over the animal during warming 
was applied. The temperature of the inner ear was monitored 
by placement of one joint of a thermocouple between a large 
bloodvessel surrounded by connective tissue, and the lateral 
wall of the apical part of the cochlear duct. 
Stimulatlon. 
Since the middle ear cavity had to be opened to obtain 
access to the inner ear, the acoustic stimulation was per-
formed with a closed sound system, using a Briiel and Kjaer 
1" type 4145 condenser microphone sealed over the ear with 
the aid of an obliquely cut silicone tubing and silicon pas-
te. The sound system was calibrated using a probe tube and 
a Briiel and Kjaer 1/4" type 4-135 condenser microphone. The 
distance between the centre of the membrane of the driver 
microphone and that of the caiman ear was about 33 mm in 
all beasts introducing an acoustic delay of 0.1 ms. All data 
were corrected for the amplitude and phase responses of the 
sound stimulation system including this acoustic delay, as-
suming linearity of the vibration responses as a function of 
intensity. Sound pressure level in this report is given in 
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dB relative to 20 цРа (dB SPL). The sound stimulus used was 
a continuous tone of about 80 dB SPL and varying frequency. 
Recording. 
Capacitive probes built by J.P. Wilson (Wilson 1973) were 
placed under visual control at the columella footplate to 
measure the middle ear transfer characteristics. After com­
pletion of this measurement the inner ear was opened as 
described above and the probe was placed in the partially 
drained scala tympani. The position of the tip along the BM 
was measured using a calibrated binocular microscope and de­
fined as the distance between the tip of the capacitive pro­
be and a reference point close to the basal end of the basi­
lar membrane. At this site the limbic plate, over which the 
basal end of the basilar membrane is suspended, separates 
into the medial and lateral limbus that supports the basilar 
membrane further apically, where it is then suspended over 
the scala tympani directly (Cf. Wever 1978). The distance 
between the probe tip and the basilar membrane, covered with 
a thin layer of perilymph could be monitored from the DC com­
ponent of the demodulated high-frequency probe signal, and 
controlled by adjustement of an electromagnetic drive. This 
drive was also used for calibration of the amplitude of vi­
bration by vibrating the probe, mounted on the drive, at 
30 Hz (see Wilson 1973; Wilson and Johnstone 1975). 
Two lock-in amplifiers were used to obtain the amplitude and 
phase of the fundamental of the response to the tonal stimu­
lus (Wilson 1973; Wilson and Johnstone 1975). The measure­
ments were made at 20, 50, 100, 200 and then every 200 Hz 
up to 5000 Hz. The data were processed off-line by a DEC 
PDP 11/ЗА computer correcting for the amplitude and phase 
responses of the acoustic stimulation system. Amplitude data 
as a function of frequency are plotted on a logarithmic ab­
scissa. Phase data as a function of frequency are presented 
on a linear abscissa. 
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Fig. 1. 
Morphology of the head and the hearing structures in the 
Alligatoridae after Wever (1978) and Retzius (1884). 
a. Head of Caiman crocodilus showing the position of the in-
ner ear. The structure posterior to the eye and antero-
dorsal to the inner ear is the ear flap covering the tym-
panic membrane leaving only a small slit directly behind 
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RESULTS. 
Middle ear response. 
The vibration amplitude and phase of the CFP as a func-
tion of frequency at constant sound intensity of 100 dB SPL, 
that is at constant velocity of the air particlest of eight 
ears is given in Fig. 2. The tip of the capacitive probe 
was positioned directly above the footplate. A nearly flat 
response occurs up to 500 Hz and at higher frequencies the 
amplitude first rolls off with an average slope of 12 dB/ 
octave (oct) and above 3 kHz the amplitude drops at about 
25 dB/oct. The average vibration amplitude of the footplate 
at low frequencies is slightly lower than 1 ym rms for an in-
put of 100 dB SPL. At a constant sound pressure level the 
velocity of the air particles is constant and the displace-
ment of the stimulating sound wave decreases with 6 dB/oct. 
It would therefore be more consistent to express the foot-
plate response in the same dimension, that is velocity (Cf. 
Johnstone and Sellick 1972). Plotted as velocity the response 
of the footplate would be a band-pass filter tuned to 500 Hz 
and a low-frequency slope of 6 dB/oct, a high-frequency slope 
of 6 dB/oct from 500 Hz, a second pass-band at 3000 Hz and 
above this frequency a slope of 19 dB/oct. The Q-adB factor 
around 500 Hz would be about 1. 
The phase response of the CFP is plotted on a linear fre-
the eye open (from Wever 1978). 
b. Projection of the right basilar membrane onto the head 
of Caiman crocodilus. The arrows indicate the portion 
of the basilar membrane that was accessible for the ca-
pacitive probe measurements (from Wever 1978). 
c. Inner ear of alligator. The inset shows the inner ear 
in situ. The structure crossing the lagenar part of the 
cochlear duct is a large bloodvessel surrounded by con-
nective tissue. The active joint of a thermocouple was 
inserted between this vessel and the cochlear duct to 
monitor the inner ear temperature (from Retzius 1884). 
d. Transverse section of the cochlear duct of Caiman croco-
dilus (courtesy of Dr. M. v. During). 
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quency scale in contrast to the amplitude response in Fig. 2 
and shows increasing phaselag with frequency. The observed 
phaselags have been corrected for the phase response of the 
stimulation system, including the 0.1 ms acoustic travel de-
lay. 
Basilar membrane response. 
The BM is anchored at its lateral edges to the medial and 
lateral fibrocartilaginous limbus (Fig. Id). Towards the ba-
sal end of the papilla the opening between the medial and la-
teral limbus becomes narrower and finally both limbus walls 
join together so that the BM at its most basal end is sus-
pended over a shallow trough in the limbic plate (Cf. Wever 
1978). Seen from the scala tympani the most basal part of the 
BM is hidden behind the limbic plate which surrounds the ac-
cessible part of the basal end of the membrane like a "U", 
the arms of the "U" being the medial and lateral limbua. 
Further apically the BM becomes twisted so that the acala 
vestibuli side presents itself towards the observer. There-
fore, with this approach, it was possible to measure the BM 
vibration only in the basal end at positions from close to 
the most basal end, as far as the BM was visible, to about 
2 mm further apically (Fig. lb). The most basal point of the 
BM, at the bending of the "U" is used as a reference point. 
All positions along the BM are given relative to this point. 
The limbic structures were found to vibrate in response to 
auditory stimulation but at much lower amplitudes (about 
20 dB) than the BM. In addition the limbic "U" did not show 
frequency tuning. 
Intensity function. 
The vibration amplitude as a function of intensity was 
measured on one BM at a position of 0.5 mm with a stimulation 
frequency of 2500 Hz (at the cut-off point of the amplitude 
response). The amplitude changed linearly with intensity over 
a range of 51-111 dB SPL. Deviations from the linear rela-
tionship were within 0.5 dB. Given this linearity it was pos-
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Fig. 2. 
Amplitude (top) and phase (bottom) responses as a function 
of frequency for the columella footplate at a constant SPL 
of 100 dB at the tympanic membrane in eight ears of Caiman 
crocodilusι as indicated by the insets. 
The response approximates to a low-pass filter with a cut­
off of 12 dB/oct from 500 Hz. 
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зіЪІе to correct the observed responses for the frequency 
response properties of the sound stimulation system and to 
present the data at constant sound pressure level input and 
at constant CFP amplitude. 
Constant SPL. 
The vibration amplitude and phase of the BM in seven 
ears from four animals at'a constant sound pressure level 
of 100 dB is presented in Fig. 3. The results shown are ob­
tained from positions all around 1 mm from the reference 
point. Variations in the vibration amplitude of some 20 dB 
occur in this set of data. Steep slopes in the region around 
2.5 kHz of 30-80 dB/oct occur. The corresponding phase res­
ponses show steepest slopes from about 500-3000 Hz, where 
they are steeper than the middle ear phase response (Cf. 
Fig. 2). Above 3000 Hz the lag is about 1 cycle and the cur­
ves run parallel to the CFP phase responses. The variation 
in the high-frequency slopes with respect to the frequency 
at which they occur and their slope reflects variations in 
the position of the measurement and variations between ani­
mals f maybe also variations in the degree of draining of sca­
la tympani. The variation in amplitude of the responses may 
reflect variations in transverse position of the capacitive 
probe. 
The vibration amplitude and phase of the BM at Д positions 
in the same ear, at a sound input of 100 dB SPL is shown in 
Fig. ¿. The maxima in the amplitude responses are difficult 
to define but the high-frequency cut-off slopes are clearly 
shifted from high frequencies at positions close to the basal 
and towards lower frequencies for more apical positions. The 
phase response curves show the same systematic relation with 
the position on the BM. With apical placements the phase cur-
ves become steeper and reach a plateau at lower frequencies 
than with basal placements. The monotonie relation between 
position and amplitude cut-off and slope of the phase res-
ponse indicates that a tonotopic organization in the BM of 
the caiman exists: High frequencies give maximum responses 
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Fig. 3. 
Vibration amplitude (top) and phase (bot torn) of the basilar 
membrane of Caiman crocodilus as a function of frequency at 
100 dB SPL at the tympanic membrane in seven ears for posi­
tions about 1 mm from the reference point close to the pro­
ximal end of the basilar membrane. 
The plotted phase values are relative to the sound pressure 
at the eardrum. The measurements were made at temperatures 
of 24-280C. 
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Vibration amplitude (top) and phase (bottom) of the BM of a 
single Caiman crocodilus ear as a function of frequency at 
100 dB SPL at four positions along the basilar membrane. 
Temperature was 270C. 
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at the basal end of the papilla and the maxima shift to 
more apical positions with lower stimulus frequency. 
The increase in the slope of the phase curves at the same 
stimulus frequency with distance from the basal end indi­
cates a travelling wave from the base towards the apex. The 
group delay at 1000 Hz in Fig. 4· for instance varies from 
0.5 ms for a placement of the capacitive probe at 0.5 mm 
and increases with position to 1 ms at 1 Д mm. 
Constant columella footplate amplitude. 
To characterize the BM vibration the same data as pre­
sented in Fig. 3 and 4· at constant SPL are presented rela­
tive to the motion of the CFP. The amplitude responses in 
Fig. 5 show much clearer peaks now than for the case of 
constant sound pressure level. The peaks are obtained at 
similar positions around 1 mm and have magnitudes of up to 
30 dB above the CFP. The phase responses in Fig. 5 have 
rather low slopes and reach a plateau at about 2500 Hz, the 
majority with a lag of 1/4 cycle. 
It was already mentioned before that the vibration ampli­
tude response of the BM at a given distance from the referen­
ce point varied with transverse position of the capacitive 
probe, becoming smaller towards the "IP'-shaped limbus to 
which the lateral parts of the BM are attached. The limbus 
itself was also found to vibrate in response to sound. The 
results of a typical measurement on the limbus at a longi­
tudinal position of 0.8 mm are presented by solid lines in 
Fig. 5 (3R 0.8 "U"). 
The vibration amplitude of the limbus is much lower (about 
20 dB) than that of the BM (dot-dashed curve 3R 0.8 in Fig. 5) 
and there is no peak of the response as a function of fre­
quency. The response amplitude rather increases gradually with 
frequency with a slope quite parallel to the low-frequency 
slope of the BM curves. 
The phase response of the limbus (Fig. 5, solid line) is 
flat over the whole frequency range and close to zero indi­
cating that the "U" shows no frequency tuning and vibrates 
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in phase with the CFP. 
Maximum response amplitude was obtained when the probe was 
positioned below the border of the outer hair cells and the 
hyaline cells (Fig. 1). At positions more towards the medial 
or lateral limbus ("U") there was not only a loss of the 
BM/CFP response amplitude ratio but also a flattening of the 
BM-CFP phaselag as the vibrations of the limbus became domi­
nant. We therefore excluded all those measurements from the 
results that had BM/CFP ratios smaller than 15 dB and had 
flat BM-CFP phaselag responses. 
The amplitude ratio and the phase difference of the BM 
and CFP responses measured at 4· different positions on the 
same BM are shown in Fig. 6. The data are the same as used 
for Fig. Д. 
The peaks of the amplitude responses as well as the high-fre­
quency cut-off slopes are shifted towards higher frequencies 
for more basal placements. The slopes of the BM-CFP phaselag 
responses are steeper for more apical positions, indicating 
a longer delay, and reach a plateau at lower frequencies for 
more apical positions. The BM vibration is thus tonotopically 
organized and travelling waves occur. 
Effect of draining scala tympani. 
Partial draining of the scala tympani is necessary for 
the capacitive probe technique, since there must be an elec­
trical insulator between the BM and the probe tip. The effect 
of draining was investigated by refilling the drained scala 
tympani with an electrically insulating fluid, liquid paraf­
fin, having a slightly lower density but higher viscosity 
than perilymph. A result of such an experiment is shown in 
Fig. 7. The capacitive probe was placed at a location 1.35 mm 
from the reference point. The dashed lines represent the 
BM/CFP amplitude response ratio and the BM-CFP phase response 
difference in the drained condition. The solid lines repre­
sent the same quantities after refilling of the scala tympani 
with liquid paraffin. The frequency where maximum aplitude 
response is obtained, is about 0.Д oct higher in the drained 
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Fl«. 5. 
Ratio of the BH vibration amplitude (top) and phase (bottom) 
relative to the CFP for the same data as Fig. 3. 
Zero phase represents motion towards scala tympani m response 
to inward motion of the footplate at positive acoustic pres­
sure. Also shown (continuous line) is the amplitude ratio and 
phase response relative to the columella footplate of the "U"-
shaped limbus surrounding the BH from one of the ears (see 
text). 
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Fig. 6. 
Amplitude (top) end phase (bottom) response of the BM rela­
tive to the CFP as a function of frequency at four diffe­
rent positions on the same basilar membrane. 
Same data as in Fig. 4. 
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situation. Similarly the phase response in the drained situ­
ation is shifted towards higher frequencies, that is the pla­
teau is reached only at a higher frequency but the slope of 
the phase response appears unchanged. 
This measurement was made in an animal at 23 C. Measurements 
in another animal at 33 С at positions 0.9 and 1.6 mm yielded 
an average shift of 0.3 oct (n=2) and 1 oct (n=3) respective­
ly. 
Tonotopic organization. 
Three criteria that give information on the BM vibration 
response pattern as a function of distance along the BM were 
calculated. Data from measurements where the amplitude ratio 
BM/CFP was smaller than 15 dB and the phase response was flat 
were not included. The measurements were made in different 
ears and at different temperatures. The temperature data are 
divided into three groups: low temperatures in the range of 
9-150C, normal temperatures in the range of 24-28 С and high 
temperatures in the range of 30-38 С 
From the vibration amplitude responses relative to the CFP 
the frequency at which the maximum vibration amplitude was 
reached (Fig. 8) and the more accurately measurable frequency, 
where the amplitude above the maximum has dropped by 3 dB 
(cut-off frequency. Fig. 9)» was determined and plotted as a 
function of the distance between the probe tip and the basal 
reference point. The frequency at which, for a given posi­
tion, the BM and the CFP move in phase, is plotted in Fig. 10. 
For a simple second order resonant system the phase starts 
with a lead of 0.25 cycle at low frequencies, becomes zero 
at the resonant frequency of the system and finally at high 
frequencies lags by 0.25 cycle (Cf. von Bekesy 1960, p. Дбі; 
Fig. 16). 
Since no significant differences between the data obtai­
ned at different temperatures exist (see below), regression 
lines (Koller 1969) were calculated for the pooled data of 
all temperature ranges and are indicated as solid lines in 
the graphs. The correlations in all cases are significant 
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fig. 7. 
Retío of BM vibration amplitude (top) and phase (bottom) re-
lative to the CFP at the same position on the BM of Caiman 
crocodilus before (dashed line) and after (solid line) f i l -
ling the drained part of the scala tympani with an electri-
cally insulating fluid, liquid paraffin. 
Temperature was 23 C. 
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(p<0.00l) and indicate that there is a systematic tonotopic 
frequency mapping on the caiman BM. The obtained régression 
lines for the peak frequency and the cut-off frequency have 
the same slope of 0.71 oct/mm but a difference in off-set 
of 0.3 oct, which means that on average the cut-off frequen-
cy was 0.3 oct above the frequency of peak amplitude response. 
The slope of the zero phase regression line (Fig. 10) is 
steeper than that of the peak frequency (t=4.1 n=87) indica-
ting that the frequency of zero phaselag does not coincide 
with peak frequency at all distances (Cf. Fig. 16). 
No changes in the tonotopic map are found over a temperature 
range of more than 20 С (see below). 
Traveil ing wave. 
The slopes of the phase of the BM relative to the CFP as 
a function of stimulus frequency (examples see Fig. 5 and 6), 
determined over the near linear range where phase decreases 
from a lead of 0.25 cycle to zero represents the BM delay or 
group delay relative to the CFP, and can be interpreted as 
travel time (e.g. Schmiedt and Zwislocki 1977). The group 
delays from the BM-CFP phase difference from all responses 
where the amplitude ratio BM/CFP was larger than or equal to 
15 dB are plotted as a function of position along the BM in 
Fig. 11. Under the assumption that a linear approximation of 
group delay as a function of distance is correct the average 
travel time on the BM is 0.25 ms/mm. The most basal end of 
the BM (group delay = 0) would be at a distance -0.54 mm be­
yond the reference point. 
Another characteristic feature of travelling waves is 
that for a given frequency of stimulation the phase varies 
systematically with distance and that "iso-phase points" 
travel in a certain direction (von Bekésy 1960). In Fig. 12 
the BM-CFP phaselag for a stimulus frequency of 1000 Hz is 
plotted as a function of distance along the BM. The slope 
of this characteristic is significant, indicating an increa-
sing delay with distance, which indicates a travelling wave. 
The wavelength for a stimulus frequency of 1000 Hz on average 
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Fig. 8. 
Frequency of peafc (BM/CFP) response as a function of posi­
tion for all measurements in all animals. 
The temperature ranges in which the measurements were made 
are indicated by the different symbols. The solid line is 
the regression line with slope -0.71+0.14 oct/mm, Y-inter-
cept 2560 Hz. Correlation coefficient Г--0.63 (p<0.001t 
N'44). 
is 6.3 mm (the inverse of the slope), a value that is larger 
than the length of the BM in the caiman. 
Temperature changes. 
As already mentioned above there were in general no appre­
ciable differences in the BM responses at different tempera­
tures in the range from 9-380C. The subpopulations for the 
three temperature ranges at which the measurements were made 
(Fig. 8-12) were tested for statistical significance of dif­
ferences between them according to 
'diff - /-J !_' 
n1-3 n0-3 
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Fig. 9. 
As Fig. 8 but for cut-off frequencies (-3 dB) on the high-
frequency slope. 
The solid line is the regression line with slope -0.71+0.13. 
Y-intercept 3150 Hz. Correlation coefficient r»-0.65 
(ρ<0.001ι Ν·44). 
(Koller 1969)· None of the differences is significant at the 
5% level and therefore all samples of data obtained in diffe­
rent temperature ranges must be regarded as drawn from the 
same population, i.e. no significant difference in the re­
sults at low and high temperature occurs. 
The results of temperature changes on two response criteria, 
the cut-off frequency as the most accurately measurable tono-
topy criterion and the group delay (phase slope) for the tra­
velling wave delay, with position on the BM as the parameter, 
are shown in more detail in Fig. 13 and 1Д. Only temperature 
data from those ears was accepted where three different tem­
perature measurements were made, starting at normal tempera­
ture, than cooling of the animal and after repeating measure­
ments at the same position, warming the animal again and re-
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fig. 10. 
As Fig. 8 but for the frequency where the BM vibrates in 
phase with the CFP for all phase responses in all animals. 
The solid line is the regression line with slope 0.83+_0.14 
oct/mm, Y-intercept 2520 Hz. Correlation coefficient 
Γ--0.68 Гр<0.00і; N=43). 
peating the measurement at the starting- or a higher tem­
perature. Cooling is represented by the dashed lines, war­
ming by the solid lines. A few data points were accepted 
from responses with BM/CFP ratio lower than 15 dB. These 
are labelled differently in the plots. They were not inclu­
ded in the statistics. There appears to be a tendency for 
the lower cut-off frequencies to become lower and to diver­
ge at lower temperatures and to converge at higher tempera­
tures. Delay times at lower temperatures appear to be lon­
ger, consistent with the lower cut-off frequencies. 
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Fig. υ-
Slope of the phaselag of the BM relative to the CFP versus 
frequency (group delay) as a function of position along the 
BM from all animals grouped in three temperature classes at 
which the measurements were made, as indicated by the dif­
ferent symbols. 
The solid line is the regression line with slope 
0.25+^ 0.05 ms/mm, Y-intercept 0.14 ms. Correlation coeffi­
cient ΓΌ.61 (p<0.001t N=44). 
DISCUSSION. 
Physiological condition of the cochlea. 
CAP in caiman is difficult to record (Pauae 1978; Klinke 
and Pause 1980). The CAP-amplitude is small and the obtained 
wave-form rather broad ("W"-shaped) in time even at high sti­
mulus intensities. Preliminary experiments showed that ope­
ning and especially draining of the scala tympani reduced the 
CAP's amplitude recorded at the round window membrane with 
silver ball electrodes to such an extent that we made no at-
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Fig. 12. 
Phaselag of the BM relative to the CFP as a function of dis­
tance at a stimulation frequency of 1000 Hz. 
The solid line is the regression line with slope 
0.16+0.04 cycle/mmt Y-intercept -0.24 cycles. Correlation 
coefficient r=0.52 (p<0.001t N-44). 
tempts in the actual experiments to use CAP as an estimate 
of the condition of the inner ear. The induced changes es­
pecially by draining probably reflect changes in the " і с-
troanatomy" of the inner ear as well as physiological damage, 
but the recorded CAP amplitude after draining was too small 
to be useful. In addition the CAP electrode was obstructing 
the measurements of the CFP vibration as the probe had to be 
inserted parallel to the columella which in turn passes pa­
rallel and close to the round window membrane which is at 
right angles to the footplate. 
The blood supply to the cochlear duct was regularly 
checked. This was considered a good criterion for condition 
of the preparation and easy to observe since the blood cells 
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а high magnification could be seen circulating through the 
vessels on the limbus and on the BM. Measurements on animals 
in which the circulation in these vessels had stopped are 
not included in the results although the responses appeared 
unchanged over periods of several hours after blood supply 
had stopped. 
The measurements were terminated if bleeding had occurred, 
or peculiarities in the response properties, together with 
changes in the optical reflection properties of the BM oc­
curred, indicating that it became too dry, and if the BM 
had been touched with operation instruments, draining wicks 
or with the probe tip. 
As far as the validity of the measurements, with respect 
to the condition of the cochlear duct, is concerned, we can 
say that most likely damage to the physiological condition 
of the inner ear occurred due to the preparation, opening 
and draining of the scala tympani. 
Measurements in the guinea pig (Sellick et al. 1982) and 
in the cat (Khanna and Leonard 1982) have shown that damage 
to the inner ear results in the loss of the non-linearity of 
the BM vibration as a function of intensity and a concomitant 
loss of threshold and sharpness of BM tuning. Draining of sca­
la tympani in intact inner ears reduces the sharpness of gan­
glion cell tuning curves (Robertson 197Д) but not necessarily 
at the moderate degree of draining used for the capacitive 
probe measurements (Wilson and Johnstone 1975)· 
Draining of scala tympani in the intact guinea pig ear re­
sulted in a loss of threshold and tuning of the BM response 
without a shift of the frequency of the maximum amplitude res­
ponse (Patuzzi et al. 1982). The BM response in deteriorated 
ears and post mortem have high thresholds, poor tuning and 
the response maxima are shifted to lower frequencies 
(Kohllöffel 1972; Rhode and Robles 1974; Robles and Rhode 
197Д; Khanna and Leonard 1981). Recent measurements in the 
guinea pig show that draining of scala tympani, post mortem 
resulted in a shift of the response maximum back to nearly 
the normal frequency in the intact ears (Patuzzi et al. 1982). 
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Fig. 13. 
The influence of temperature changes on the cut-off (-3 dB) 
frequencies of the BM amplitude response at different posi­
tions in all ears. 
The symbols represent measurements at the actual temperature, 
The order of temperature changes was cooling (dashed lines) 
followed by rewarming (solid lines), mostly to a higher than 
the initial temperature. 
We found no non-linearities in the BM vibrations as a func­
tion of intensity such as were reported first from the 7 kHz 
region in the squirrel monkey cochlea (Rhode 1971) and more 
recently in the guinea pig (Le Page and Johnstone 1980; 
Sellick et al. 1982) and in the cat (Khanna and Leonard 1981, 
1982) and mechanical tuning in caiman was poorer than that 
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As Fig. 13 for the group delay from phase responses of the 
basilar membrane relat ive to the columella footplate. 
observed in primary fibres (Chapter II; Klinke and Pause 
1980). 
The crude properties of the BM mechanics: tonotopy and 
travelling wave mechanism, as shown in mammals, can also be 
established in damaged cochleae or even cadaver ears that 
have been fixated in formalin (von Békésy I960; Kohllöffel 
1972). All direct information on inner ear mechanics before 
02 • 
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the work of Sellick et al. (1982) and Khanna and Leonard 
(1982) was obtained on damaged travelling wave mechanisms. 
We have not observed changes in the responses of the middle 
ear or the BM up to many hours after opening of scala tym-
pan!, indicating that the preparation was, when not undama-
ged, in a steady condition during the experiments. Khanna 
and Leonard (1981) state "once the peak is flattened, da-
mage does not produce appreciable changes in the observed 
response". It may well be that this situation holds for 
the present experiments although physiological mechanisms 
in cold blooded animals are less vulnerable than in mammals. 
An example in this respect are the experiments in vitro on 
the ear of the decapitated half head of the turtle {Pseude-
mis scripta) with opened scala tympani, which still show 
sharply tuned primary auditory fibres (Fettiplace and 
Crawford 1978; Crawford and Fettiplace 1980). 
Although the blood-supply to the BM was intact in all 
measurements reported, some damage to the inner ear occurred. 
The mechanical responses measured therefore probably reflect 
the passive component (Sellick et al. 1982) of BM tuning. 
This notion is supported by the fact that the BM responses 
in caiman are quite similar to those obtained by Von Bekesy 
(I960) in the chicken. The presence of evoked cochlear emis-
sions, measured in some of the caimans before the operation, 
indicates that active mechanisms occur in the caiman inner 
ear (Strack et al. 1981). 
We conclude that the following general results are un-
touched by the condition of the cochlear duct in our experi-
ments: 
1) There is mechanical frequency analysis in the ear of Cai-
man crocodilus. This frequency analysis occurs in addition 
to the middle ear frequency filtering by position dependent 
selective frequency filtering on the BM. 
2) The inner ear in caiman is mechanically tonotopically or-
ganized. An orderly arrangement of frequency responses on the 
BM occurs. High frequencies produce maximum vibration in the 
proximal part of the BM, lower frequencies produce maxima in 
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more distal parts. 
3) A travelling wave occurs in the BM of the caiman. 
The following results are to be taken with caution, 
given the probability of damage to the inner ear: 
4) Under the given experimental conditions the BM vibration 
is a linear function of stimulus intensity and the mechani-
cal tuning is poorer than that observed in primary fibres of 
other caimans with undisturbed inner ear. 
5) There is no significant effect of temperature changes in 
a range from 9-380C on the mechanical responses obtained 
from middle ear and BM. 
Scatter in the data. 
There may be several reasons for the rather large scatter 
in the data: 
Data were pooled from ¿-5 different caimans. Although they 
were selected for equal size (97-105 cm) some variation in 
weight (¿.3-6.2 kg), head size and probably age occurred. Some 
variation in the dimensions of the inner ears is therefore 
probable (Cf. v.During et al. 1974; Leake 1977; Wever 1978). 
Distances from the most basal reference point were esti-
mated using a calibrated binocular microscope. Small errors 
in these estimates may have occurred since sometimes the exact 
position of the probe tip was difficult to see, as the direc-
tion of view was nearly parallel to the probe and the actual 
tip was sometimes hidden behind the shaft, and parallax er-
rors may have been made. The frequency mapping properties 
along the BM may have varied among the inner ears of the dif-
ferent animals. Such changes with age of the animals have for 
instance been shown to occur in amphibians (Capranica 1976) 
and in birds (Rubel and Ryals 1982). 
The results showed that the vibration properties of the 
BM vary over the width of the membrane from very low ampli-
tude, no frequency tuning and flat phase response at the lim-
bus (see Fig. 5 solid line) to high amplitude, sharp peak in 
the frequency response and steep phase response at the cen-
tral region of the BM. For instance the maximum BM/CFP ratio 
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was 31.5 dB for a placement 1 mm from the basal reference 
point (see Fig. 5 4R). Although only data were selected ha-
ving BM/CFP ratios > 15 dB there may still be effects of 
different transverse placements on the amplitude and espe-
cially on the phase responses as the capacitive probe will 
pick up vibration of the limbus if poorly placed. The lim-
bus vibrates with a very small amplitude (about -20 dB re-
lative to the BM)and with a phase different from the BM 
(in-phase with the footplate for all frequencies). 
The scatter in the data obtained at different temperatu-
res is probably enlarged additionally by the necessity to 
withdraw the measuring probe and refill the scala tympani 
during the cooling and warming procedure, after which the 
scala was drained again and the probe repositioned using 
pigmentation of the limbus and small bloodvessels as land-
marks, for measuring the responses at the same position at 
the new temperature. This error especially must be consider-
ed when interpreting the results presented in Fig. 13 and 1Д 
where measurements were made from the same location in the 
same papilla at three different temperatures. 
Finally differences in the degree of draining may be a 
cause of scatter in the results, since it was shown that the 
frequency of maximum response as well as the phase response 
shifts about 0.5 octave towards lower frequencies when scala 
tympani was refilled with the electrically insulating liquid 
paraffin. Such a change is also expected from model calcula­
tions (Berkley and Lesser 1973) and observed in the cat 
(Wilson and Evans 1977) and post mortem in the guinea pig 
(Patuzzi et al. 1982). The degree of draining could not al­
ways be observed when the meniscus was hidden beyond the ed­
ges of the hole picked in scala tympani. Differences in the 
thickness of the fluid film covering the BM in the drained 
condition did occur as observed from the reflection images 
of the membrane through the microscope. 
Middle ear response. 
The CFP responses measured before and after opening of 
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the cochlear duct at the beginning of the experiment and 
measured at the end of the experiment did not show any sig-
nificant differences. The opening and partial draining appa-
rently had no effect on the middle ear transfer properties. 
The middle ear response is characterized by a high am-
plitude of vibration of the CFP at frequencies below 500 Hz. 
The average rms amplitude from eight ears is 500 nm/Pa '. 
This amplitude is larger than that found in the middle ear 
of any other species. 
Mammalian middle ear footplate data have been summarized by 
Guiñan and Peake (1967) and by Wilson and Johnstone (1975): 
In man the footplate vibration rms amplitude at low frequen-
cies is 170 nm/Pa, in cat on average 60 nm/Pa, in guinea pig 
on average 220 nm/Pa for the open bulla condition, in the 
squirrel monkey 60 nm/Pa (see Wilson and Johnstone 1975). 
Data from more recent measurements give values of 50 nm/Pa 
for the incus of the squirrel monkey and 75 nm/Pa for the 
guinea pig (Rhode 1978). In reptiles the CFP vibration rms 
amplitudes are 18 nm/Pa in the turtle (Moffat and Capranica 
1978), 20 nm/Pa in the dragon lizard, 70 nm/Pa in the spot-
ted gecko (Saunders and Johnstone 1972), 150 nm/Pa and 
200 nm/Pa in two species of gecko (Manley 1972a,1972b), 
250 nm/Pa in the alligator lizard (Peake and Ling 1980) and 
finally 500 nm/Pa in caiman in the present results. 
In the birds whose middle ear from the anatomical point of 
view is even higher developed than that of caiman a value 
of 70 nm/Pa was measured by Saunders and Johnstone (1972). 
In amphibians the vibration amplitudes of the columella are 
generally even lower than in reptiles (Saunders and Johnstone 
1972; Moffat and Capranica 1978; Chung et al. 1981). 
A comparison of the transfer properties of the middle ears of 
some mammals, bird and reptiles (from Johnstone and Taylor 
1971) with those from caiman is shown in Fig. 15. 
An other characteristic of the caiman middle ear response 
x) 1 Pa = 93.9794 dB SPL, the value given per Pa is half the 
value at 100 dB SPL. 
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essentially different from the mammalian middle ear, is the 
poorer performance of the former at high frequencies (Fig. 15; 
Johnstone and Taylor 1971; Johnstone and Sellick 1972). From 
500-3000 Hz the amplitude of the response at constant SPL 
input, rolls off with a slope of 12 dB/oct, a value expec-
ted for a simple second order resonant system, and above this 
frequency the amplitude decreases with a slope of about 
25 dB/oct. This high-frequency behaviour is also found in 
other non-mammalian middle ear transfer characteristics. They 
all have high-frequency roll-off slopes of this order of mag-
nitude (Johnstone and Taylor 1971; Saunders and Johnstone 
1972; Johnstone and Sellick 1972; Manley 1972a,b; Moffat and 
Capranica 1978; Peake and Ling 1980). 
Summarizing we conclude that the major difference between 
the CFP response in the caiman and the other reptiles, and 
also the bird, is the larger amplitude of vibration per unit 
of sound pressure in caiman. The cut-off frequency, or if the 
velocity of the response is taken, the center frequency as 
well as the high-frequency roll-off are comparable to other 
non-mammals and corroborate the discrepancy between the mam-
malian ossicular middle ear and the non-mammalian columellar 
one with respect to high-frequency performance. The transfer 
properties in the low- and mid-frequency range (up to about 
3 kHz) of the columellar ears are as good if not better than 
those of the ossicular ears. 
The phase responses of the caiman CFP show an overall 
change of nearly one cycle, which exceeds the change of 
0.5 cycle expected for a simple second order resonant system. 
The phase response is in good agreement with the amplitude 
response. The phaselag up to 2 kHz is 0.5 cycle, which is 
to be expected from the slope of the amplitude response of 
-12 dB/oct. Above this frequency the phaselag further increa-
ses to about 1 cycle at 5 kHz, consistent with the amplitude 
roll-off of -25 dB/oct. The amount of phase data, available 
from other species, in contrast to amplitude data, is rather 
small. In the cat a change of 0.75 cycles is found (Guiñan 
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Fig. 15. 
The frequency response amplitude of the middle ear of Caiman 
crocodilus compared to that of other reptiles, bird and mam-
mals . 
The ordinate is peak amplitude in response to pure tones of 
100 dB SPL. The number behind each species is the number of 
middle ears from which the data was obtained. The caiman 
data are from the present experiments using a capacitive pro-
be, the remaining data are from Johnstone and Taylor (1971) 
using the Mossbauer technique. 
and Peake 1967), in the squirrel monkey the incus phase 
changes from 0 at 5 kHz to -0.125 cycles at 10 kHz. Chung 
et al. (1981) tried to describe the vibration of the free 
part of the eardrum of frogs by a damped harmonic oscillator, 
but their phase data, similar as in caiman, exceed the theo-
retical phase response of such a simple system. Data from 
the extrastapes of the alligator lizard (Peake and Ling 
1980) do show the +0.5 cycle phase change expected from a 
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simple second order resonant system. Surprisingly the 
caiman data from a columellar ear agree better with the 
mammalian ossicular ear with respect to phase than with 
other columellar ears. The correction for the acoustic de-
lay of 0.1 ms was made from the distance between the centre 
of the eardrum and the centre of the diaphragm of the sti-
mulating condensor microphone, which was about 3·5 cm, with 
an error of at most 1 mm which corresponds to a delay of 
3 us or 0.015 cycle at 5 kHz. Thus the larger than 0.5 cy-
cle overall phase change in the caiman middle ear response 
is not due to errors in the correction of the phaselag due 
to the acoustic delay. 
Possibly a levering mechanism in the columellar system 
originating from the cartilaginous connection of the colu-
mella and the extracolumella with its several processes is 
responsible for the higher order of the middle ear system 
in caiman (Cf. Manley 1981). Such levering mechanisms occur 
in some other columellar ears (e.g. Wever and Werner 1970; 
Werner and Wever 1972; Manley 1972a; Wever 1978; Manley 
1981). Effective lever ratios are calculated by Saunders 
and Johnstone (1972) in amphibians, reptiles and bird and 
by Manley (1972b) in the gecko, but since the extracolumel-
lar structures are out of cartilage the lever ratio is high-
ly frequency dependent and high lever ratios must not mean 
high pressure ratios (Cf. Manley 1972b). 
The function of the middle ear is to match the different 
impedances of the air and the inner ear liquids. Two main 
features contribute to the impedance matching: the ratio of 
the effective area of the eardrum and of the stapes foot-
plate and the ossicular or extracolumellar lever ratio 
(e.g. von Békésy I960; Dallos 1973; Miller 197Д; Wilson and 
Johnstone 1975; Wever 1978; Manley 1981). In addition the 
ratio between oval and round window may play a role (e.g. 
Moffat and Capranica 1978). 
The low thresholds of the primary auditory fibres in caiman 
(Pause 1978; Klinke and Pause 1980) indicate that the impe-
-169-
dance matching mechanisms in the caiman middle ear are very 
effective. Measurements of cochlear microphonics before and 
after clipping of the columella also point in this direction 
(Wever and Vernon 1957). An estimate of the ratio of the area 
of eardrum and oval window was made in one of the caimans. 
The eardrum was approximately circular with a diameter of 
11 mm, the footplate ovoid and its area was determined by 
equivalencing the weight of a camera lucida drawing and a 
2 
calibrated rectangle. The drum area was 95 mm , the footplate 
2 
area 4.5 mm resulting in an area ratio of about 21. The foot-
plate area is sharply discernable and therefore accurate, but 
the boundary between the eardrum and normal skin is graded 
and hard to define. An estimate from a drawing from Wever 
(1978) gives a ratio of 23 assuming projection of eardrum and 
footplate from the same plane (which is not quite correct). 
In the alligator a ratio of about 18 is found (Retzius 1884). 
The effective eardrum ratio in caiman is not known. It has 
been estimated in anurans to be 80% (Moffat and Capranica 
1978). In these and in other classes (e.g. gecko, Manley 
1972a) it has been shown that the eardrum does not move like 
a stiff plate but that the mode of motion is different at 
different frequencies and varies with position over the mem-
brane (Cf. Moffat and Capranica 1978; Chung et al. 1981). 
Such a mechanism can contribute to the pressure transforma-
tion as originally suggested by Helmholz (see von Békésy 
I960) and found to occur for instance in the cat (Khanna and 
Tonndorf 1972) and the guinea pig (Manley and Johnstone 
1974). In addition the ratio of the area of oval and round 
window are thought to play a role (Moffat and Capranica 
1978). 
Since the ratio of the eardrum and footplate area is obvious-
ly the most important factor determining the pressure trans-
formation, and since data on lever action, and the other fac-
tors mentioned are scarce, the comparison will be restricted 
to the eardrum/footplate area ratio without any corrections 
for effective ratio or lever ratio. 
2 
The available values are, with the areas in mm : 
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12.8 (23.1/1.8) in Bufo, 9.1 (6.U/0.7) in Hyla (Moffat and 
Capranica 1978), both amphibians. In reptiles 20.2 
(9.7/О.Д8) in the iguanid lizard (Wever and Werner 1970), 
34 (28.6/0.84) in Eublepharis, 60 (48/0.8) in the gecko 
(Werner and Wever 1972) and 44 (42/0.96) in the same reptile 
(Manley 1972b). It is shown that in at least three different 
lizard ears a lever action occurs, which is also frequency 
dependent (Wever and Werner 1970; Manley 1972; Manley 1981). 
At high frequencies the lever ratio becomes very high, a re­
sult also obtained in several other animals (Saunders and 
Johnstone 1972; Peake and Ling 1980), that is the footplate 
moves only very little with respect to the extracolumellar 
inferior process. According to Wever and Werner (1970) and 
Manley (1972) this is due to bending of the cartilaginous 
extracolumella when the impedance of the columella-inner ear 
system increases at high frequencies. Furthermore, it was ob­
served in geckos (Manley 1972a,b) that the cut-off frequency 
of the middle ear depends mainly on the eardrum together with 
the associated extracolumellar processes, much more than on 
the columella, the footplate or the inner ear since removal 
of the columella has little influence on the overall response 
measured at the eardrum. 
The frequency response of the middle ear matches the data 
from primary auditory fibres (Klinke and Pause 1980) and from 
higher auditory centers (Manley G. 1970; Manley J. 1971) very 
well. CFs of primary fibres range from 30-2800 Hz and thres­
holds are lowest between 500 and 1500 Hz. Towards lower CFs 
(below 500 Hz) the neural thresholds increase with 13 dB/oct 
(Pause and Klinke 1980) whereas the velocity of the middle 
ear response changes by 6 dB/oct. Above 3000 Hz the middle 
ear response velocity drops off by 19 dB/oct. Thresholds of 
primary fibres increase steeply as a function of OF at such 
high frequencies and no fibres with OF above 3000 Hz have been 
reported in auditory nerve (Pause and Klinke 1980), cochlear 
nucleus (Manley G. 1970) or torus semicircularis (Manley J. 
1971) in the caiman indicating that the upper frequency li-
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mit may be, as will be discussed later, an inner ear compo-
nent in that such frequencies are not represented on the 
basilar membrane (Cf. Wever 1978). The CM sensitivity curves 
in caiman (Wever and Vernon 1957; Wever 1978) are in very 
good agreement with the CFP response, showing an optimum 
between 4-00 and 500 Hz and a roll-off above these frequen-
cies, similar to the CFP but with a steeper slope above 
3000 Hz. A close relation between CM sensitivity functions 
and behavioural audiograms as well as middle ear transfer 
properties and audiograms generally exists in many species 
although the CM sensitivity curves overestimate the high-
frequency sensitivity (Dallos 1973; Wever 1978; Manley 1981). 
This situation also holds for the caiman: neural single fi-
bre data from auditory nerve and higher centres extend up 
to 3000 Hz only, whereas middle ear responses extend to 
higher frequencies and CM sensitivity curves even further. 
In view of the above discussion the findings on the middle 
ear responses in caiman can be interpreted as follows. 
1) The resonance or cut-off frequency is rather low but not 
extremely different from other reptilian and avian middle 
ears. The large size of the eardrum compared to other repti-
les may be responsible for the low cut-off frequency. 
2) The high amplitude of the CFP response compared to other 
classes, including mammals, together with the enormous size 
of the footplate compared to other columella footplates and 
even mammalian stapes footplates may indicate that at low 
frequencies there is no reducing lever action and the impe-
dance of the columella and inner ear is low. 
3) The steeper roll-off of about 25 dB/oct at frequencies 
above 3000 Hz is comparable with other columellar middle ears 
and may be explained by increasing impedance with frequency 
and poor transformer action due to bending in the extracolu-
mellar structures. These are cartilaginous in caiman and 
have a joint with the columella that was seen to bend at 
high amplitudes when the inferior process was depressed with 
a needle. 
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4) Nothing is known on the role of the vibration modes of 
the tympanic membrane or on the role of the area ratio of 
the oval and round window. The influence of the latter will 
be rather small in view of the fact that the middle ear ca-
vities are large and interconnections between left and right 
middle ear exist. 
5) The area ratio of the tympanic membrane and the footplate 
alone gives a transformer ratio of about 20. 
In view of the low thresholds of primary auditory fibres in 
caiman, which are comparable to mammalian fibres and better 
than in most other reptiles (Cf. Klinke and Pause 1980; 
Manley 1981) and the large losses in CM-thresholds after cut-
ting the columella (Wever and Vernon 1957) one must conclude 
that the impedance match through the middle ear is good and 
therefore the inner ear impedance is rather low. 
6) The frequency response of the middle ear matches the data 
from primary auditory fibres very well but an inner ear com-
ponent is involved in the upper frequency limit of hearing. 
Basilar membrane response. 
Linearity. 
No systematic tests for the linearity of the amplitude 
réponses of the BM as a function of stimulus intensity were 
made. The vibration at 0.5 mm from the basal reference point 
was linear in the range of 51-111 dB SPL at 2.5 kHz. 
Measurements were made normally at 80 dB SPL and linearity 
of the responses was assumed in the processing of the data 
which are presented at 100 dB SPL. Recent results of measure-
ments of BM vibration in the cat (Khanna and Leonard 1981, 
1982) and the guinea pig (Le Page and Johnstone 1980; Sellick 
et al. 1982) substantiate the earlier indications found in 
the squirrel monkey (Rhode 1971; Rhode and Robles 1974.) of 
non-linear vibration of the BM with intensity in the region 
of best frequency response and show that the alinearity and 
the related sharp mechanical tuning are extremely sensitive 
to damage of the inner ear by the preparation technique. As 
already pointed out it is well possible that we have made 
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measurements under conditions of damage and we therefore 
must allow for the possibility that non-linearities and 
sharp mechanical tuning also occur in the BM of the intact 
caiman inner ear. 
In the alligator lizard however no non-linearities in the 
BM vibration as a function of Intensity is observed either, 
under conditions where normal primary fibre tuning curves 
occur (Weiss et al. 1978; Peake and Line 1980). The BM in 
this reptile is moving like a rigid body and shows no posi-
tion dependent frequency selectivity or tonotopy, so only 
restricted comparison with the caiman is allowed. 
Tonotopic frequency mapping. 
The BM in the caiman shows a tonotopically organized 
frequency selectivity, at least in the basal 2 mm of the 
papilla. High frequencies lead to maximum vibrations at the 
basal end of the BM and the maximum of the vibration shifts 
progressively and monotonically towards the apex with lower 
frequency. Such tonotopic frequency mapping is found in all 
mammalian BM responses inherent to the mechanical frequency 
analysis by means of a travelling wave (e.g. von Békesy 
1960; Schuknecht 1960; Wilson and Johnstone 1975; Wilson 
and Evans 1977; Robertson and Johnstone 1979). Tonotopically 
mapped "resonance curves" were also observed in the BM of 
the chicken (von Békésy 1960) which substantiates the func-
tional similarity of the crocodilian and avian inner ears 
expected from their phylogenetic common ancestry, their 
anatomical similarity and the similar properties of their 
primary auditory fibres as discussed in the preceding chap-
ters. 
Tonotopy alone however does not give information on the pos-
sible existence of a travelling wave mechanism. Since no 
phase data of the vibration of the BM in the chicken are 
available no conclusions in this respect can be made. Except 
for the mammals mechanical tonotopy on the BM has not been 
demonstrated in any other animal than caiman and bird to my 
knowledge. Tonotopy was found to be absent on the BM of the 
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alligator lizard (Реак and Ling 1980). Tonotopic organiza­
tion in the peripheral and central auditory nervous system 
on the other hand is a wide-spread phenomenon over all tetra­
pode (e.g. Kiang 1965; Evans 1975; Aitkin 1976; Merzenich et 
al. 1977; Reale and Imig 1980; Manley 1981) but must not by 
necessity originate from a monotonie spatial frequency sor­
ting due to the BM, as demonstrated in the alligator lizard 
(Weiss et al. 1976,1978; Реак and Ling 1980) where receptor 
and neural tonotopy exists without tonotopy in the BM vibra­
tion, or in the amphibian papilla of the bullfrog (Lewis et 
al. 1982) where receptor tonotopy exists in the absence of 
a BM. Tonotopy could also be brought about by gradients in 
the length or stiffness of the hair cell cilia or the mass 
of the tectorial structures or even electrochemical hair cell 
properties as discussed by several authors (see preceding 
chapters). These gradients can but need not constitute mono-
tonic spatial gradients on the basilar papilla as demonstra­
ted for instance in the granite spiny lizard (Turner et al. 
1981). Here two opposite gradients in ciliar length of free 
standing cilia are correlated with two opposing gradients 
in fibre CF. Fibres originating from a third region with 
short cilia have low CF, due to the fact that these cilia 
are loaded with a tectorial membrane. 
Frequency-place map. 
The frequency of maximum amplitude response and the cut­
off frequency in the caiman change with distance by 
0.71 oct/mm as calculated from linear regression of the 
logarithm of frequency and linear distance from a near ba­
sal reference point, that is an exponential frequency map­
ping along the BM was assumed. The regression lines were 
calculated from the pooled data from all temperature groups, 
since no statistically significant effects of temperature 
on the mapping properties occur. 
From the regression lines (Fig. 8 and 9) it follows that the 
relation between position along the papilla and the frequen­
cy of maximum vibration or the cut-off frequency is given by: 
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F = 2.56.e-d/2·^ 
m 
for the frequency of maximum vibration and 
Fc = 3.15-e-d/2·03 
for the cut-off frequency, where F is the frequency in kHz 
and d the distance from the basal reference point in mm and 
0.25 < d < 2. 
Strictly these relations only hold in the range from 0.25 mm 
to 2. mm and although the correlation is highly significant 
in both cases the scatter is rather high. 
Extrapolation to d=0 would put the basal reference point at 
a peak frequency of 2.56 kHz and a cut-off frequency of 
3.15 kHz. 
From the experiments with liquid paraffin to refill the 
drained scala tympani it is found that frequency values in 
the drained condition are about 0.5 oct higher than in the 
undrained condition. Such a shift is predicted from model 
calculations (Berkley and Lesser 1973). In the guinea pig 
cochlea in good physiological condition draining of scala 
tympani did not shift the best frequency of the BM response 
(Patuzzi et al. 1982). Such shifts however did occur in the 
same cochlea post mortem. Due to deterioration the sharp tu-
ning was lost and the best frequencies were shifted to lo-
wer values. Subsequent draining of scala tympani now shifted 
the response maxima to higher frequencies and nearly can-
celled the shift due to deterioration (Patuzzi et al. 1982). 
The fact that draining of scala tympani in the present cai-
man experiments did shift the response maxima, supports the 
notion that the inner ears were damaged. On the other hand 
the frequency map that is found in the drained condition 
by the same argument probably comes closest to that in the 
normal healthy inner ear. 
Anatomical data of Wever (1978) show that the BM at the 
proximal end extends beyond the inner end of the limbic "U" 
that was taken as a reference point in the present experi-
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ments, the BM lying upon the fused limbic plate above a amali 
excavation in Lhc latter. The length of this segment is not 
known. The extrapolation of BM delay times (see Results) to 
zero would indicate that the most basal end extends 0.54 mm 
beyond the zero reference point and this results in a basal 
peak frequency of З-ЗЛ kHz and a cut-off frequency of 
U.10 kHz. Measurements on the BM beyond 2 mm from the refe­
rence point were impossible with the preparation technique 
used, since the BM bends in the middle and the scala vesti-
buli side presents itself to the observer along the apical 
part of the cochlear duct. If we assume that an exponential 
frequency mapping holds for the apical half of the BM as well 
as for the basal half and take its total length as 4.5 m m i n 
a one meter caiman (anatomical data 3.8 mm, Д mm and 3.8 mm 
plus a 1555 correction for shrinkage during the preparation) 
(v.During et al. 1974; Leake 1977; Wever 1978) the whole pa­
pilla covers a range of 3.2 octaves and the peak frequency 
at the apex would be 0.36 kHz and the cut-off frequency 
0.45 kHz. 
The range of CFs found in auditory units in caiman varies 
from 30-2800 Hz in primary fibres (Klinke and Pause 1980) 
and 70-2900 Hz in the cochlear nucleus (Manley 1970) to 
70-1850 Hz in the torus semicircularis (Manley 1971). This 
would mean that the extrapolated value for the peak frequen­
cy at the basal end of the basilar membrane (3340 Hz) agrees 
very well with the neural data but the extrapolated peak 
frequency at the apical end (360 Hz) is too high. It is 
known from mammals (e.g. Schuknecht I960; Greenwood 1977; 
Wilson and Evans 1977; Otte et al. 1978), that at lower fre­
quencies the octaves are more closely mapped than at inter-
nediate and higher frequencies. Data from the chicken basi­
lar membrane indicate the opposite however (von Békésy I960). 
Apart from the observation that the tuning properties of pri-
raary fibres are poorer at lower frequencies (Klinke and 
Pause 1980) we have no indications as to whether mapping in 
caiman is narrower at the apical end of the papilla. The 
error in the estimated peak frequency on the basal end of 
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the BM is probably large, due to the extrapolation (under 
the assumption of an exponential mapping) from the obser­
vation interval (0.25-2 mm) to the most distal positions 
(Д.5 mm). We conclude that the agreement between the me­
chanical frequency range estimates and the neural data is 
reasonable. 
The tonotopic frequency mapping also demonstrated in 
the phase response of the BM (Fig. 10). The frequency at 
which the footplate and the BM vibrate in phase decreases 
with distance. In a simple resonant system there is a rela­
tion between amplitude and the phase: the phaselag is zero 
at the frequency where the amplitude response reaches maxi­
mum. If such a relation would hold for the BM as well then 
the zero phase map regression line (Fig. 10) should be equal 
to the one for peak frequency (Fig. 8). This is not the case, 
the zero phase mapping is steeper (0.83 oct/mm). The reason 
for this becomes clear from Fig. 16 which shows that the ac­
tual phaselag at the peak frequency is indeed zero at the 
base of the BM but with increasing distance, that is with 
decreasing peak frequency the BM lags the footplate at the 
peak frequency indicating that the in-phase vibration shifts 
to frequencies below the peak. The deviation however is 
rather small, about 0.1 cycle at 2 mm from the reference 
point. 
Morphological aspects of tonotopy. 
Given the mapping constant of 0.71 oct/mm it is possible 
to estimate the longitudinal hair cell (HC) spacing per oc­
tave along the BM. Different estimates of the number of HC 
in the papilla basilaris from different authors are obtained. 
V.During et al. (1974.) find a ratio of inner and outer HC 
(IHC/0HC) of 2/6 proximally, 6/18 medially and 6/2 apically 
in caimans of 50-80 cm length. Leake (1977) estimates 3000 
IHC, 8500 0НС, IHC/0HC 1/3 proximally, 6/15 medially and 
10/19 apically in juvenile caimans (10-13 cm). Wever (1978) 
gives values of IHC/0HC of 10/20, 6/22 and 12/30 and also 
mentions a total number of HC per 2Д \im section of on ave-
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Phaselag of the BM vibration relative to the CFP in Caiman 
crocodilus at the frequency where a maximum amplitude res­
ponse is obtained. as a function of distance along the BM. 
The solid line is the regression line with slope 
0.05i_0.02 cycle/mm, Y-intercept 0.02 cycles. Correlation 
(OPIiicirnl r=0.3l (p'O.Oït N=43). 
rage 75· Taking the data of these authors together one 
arrives at an estimate of total 3500 IHC, 8250 OHC, average 
number of rows of IHC 6.5 and OHC H.3. Taking the length 
of the BM as 4.5 mm, from the same authors, the average 
number of IHC/ram is 777 and of the OHC 1833· These estima-
tion procedures are complicated by the fact that "rows" of 
HC actually do not occur in the caiman. The HC are honeycomb-
like or mosaiclike organized (v.During et al. 1974; Leake 
1977) which makes it difficult to estimate the transverse 
number of cells giving the number of longitudinal rows. Cor-
recting for the number of rows of HC, the longitudinal spa-
cing of IHC averages 120/mm (777/6.5), of the OHC 130/mm 
(1833/U.3) and for the total HC the longitudinal spacing 
averages 125/mm ( (3500+8250)/(20.84.5) ) . Combining this 
result with the frequency map of 0.71 oct/mm gives an ave-
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rage longitudinal spacing of about 180 HC/oct in the caiman. 
The actual number of IHC and OHC in a segment covering an 
octave is obtained by multiplication of this value by 6.5 
and I4.3 respectively. 
Note that these estimates are averages and do not take into 
account the changes in IHC/OHC and total HC rows over the 
length of the BM. 
In mammals the frequency mapping is in the same order of 
oct/mm. For instance on guinea pig BM values vary from 
0.28 oct/mm to O.4O oct/mm in the basal 0-5 mm (Robertson and 
Manley 197Д; Wilson and Johnstone 1975; Johnstone 1977; 
Russell and Sellick 1978; Robertson and Johnstone 1979), 
O.4.4. oct/mm in the 3-8 mm range (Kohllöffel 1972) and 
0.38 oct/mm in the 7-18 mm region (von Békésy i960). The 
longitudinal spacing of HC in the guinea pig is about 200 HC/mra 
as estimated from Bredberg (1977). Taking a mapping constant 
of 0.4 oct/mm gives an average longitudinal spacing of 
500 HC/oct. There is a wide variation of frequency mapping 
constants in the "travelling wave type" inner ears however, 
and at the apex the number of oct/mm tends to increase. The 
mapping constants in oct/mm vary from O.OI6 in the "acoustic 
fovea" of a bat (Bruns 1979; Neuweiler et al. 1980), 0.13 in 
the elephant (von Békésy i960), 0.20 in man (Gundersen et 
al. 1978; Otte et al. 1978), 0.20 in the cow (von Békésy 
I960), 0.22 in the squirrel monkey (Rhode 1971), 0.30 in 
the cat (Wilson and Evans 1977), 0.4 in the guinea pig 
(see above) and the midfrequency range of the bat (Bruns 
1979), 0.51 in the gerbil (Sokolich et al. 1976), 0.83 at 
the apex in cat (Schuknecht i960), 1.17 in the rat and fi-
nally 0.8-1.4 oct/mm in the mouse (von Békésy 1960; Ehret 
1975). Thus values both above and below the 0.71 oct/mm 
found in the caiman occur. Apparently the value in oct/mm 
becomes larger (that is spatial resolution poorer) with 
decreasing length of the BM and in addition frequencies are 
crowded at the apical end (Cf. Greenwood 1977) that is at 
frequencies comparable to the frequency range of caiman. 
In the bird's inner ear which comes closest to that of 
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the caiman stroboscopie observations of the BM yielded a 
mapping constant of 2.24 oct/mm (von Békésy I960) and noise 
damage experiments a value of 1.8 oct/mm (Ryals and Rubel 
1982). In view of the large similarities between the avian 
and the crocodilian ear, this discrepancy in mapping between 
caiman (0.71 oct/mm) and chicken (2.24-1.8 oct/mm) is most 
surprising if one adopts the explanation that tonotopy in 
both animals is brought about by a stiffness gradient in 
the BM, associated with a travelling wave. When the vibra-
tion amplitude response of their BMs are compared however 
these are nearly identical. For the purpose of comparison 
Von Békésy1s (I960) resonance curves from the chicken have 
been plotted on a logarithmic scale (Fig. 17). The high-
frequency slope of the amplitude responses in the chicken, 
obtained from Fig. 17 are between 11 and 15 dB/oct for api-
cal positions, and about 20-25 dB/oct for positions with 
peak frequencies comparable to the range whereof most mea-
surements in the caiman were obtained. The data in Fig. 17 
and the slopes should be compared with Fig. 5 and 6 and 
with Fig. 18, which show that the high-frequency slopes in 
the caiman are on average 32 dB, only slightly steeper than 
in the chicken. 
As already mentioned above the mapping constant of 
0.71 oct/mm in the caiman appears to be too low for the rela-
tion between the frequency range and BM length to be a simple 
exponential. Assuming frequency extremes of 60-2500 Hz, an 
average of the available neural data sets mentioned above, 
and a length of U·5 mm, such a map should have a constant of 
1 .2 oct/mm. 
In lower reptiles frequency mapping on the basilar papil-
la is measured in the monitor lizard (Manley 1977) where in 
the basal part a mapping constant of 2.8 oct/mm is found 
(constructed from Fig. 6 in Manley 1977). The longitudinal 
spacing of HC in the basal segment is about 160 НС/mm or 
56 HC/oct. These estimates are made from data from Miller 
(1978). 
In the granite spiny lizard (Turner et al. 1981) the mapping 
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Fig. 17. 
Amplitude ratio of the vibration amplitude of the BH and the 
CFP in the chicken inner ear. 
The measurements by Von Bêkêsy (1960) have been replotted on 
a 1ogarithmic ordinate to be comparable to the results ob-
tained m Caiman crocodilus in the present experiments. 
The ordinate are arbitrary dB units relative to the maximum. 
constant in the basal part of the papilla is 13 oct/mm. The 
longitudinal HC spacing is 175 НС/mm or 14 НС/octave. In the 
alligator lizard (Weiss et al. 1978) the mapping constant in 
the basal part of the papilla is 24 oct/шш and the longitu­
dinal HC spacing is 80 HC/mm or about 3 HC/oct. It should be 
noted that in the above three lizards the total length of 
their BMs is only 1.6 mm, 0.3 mm and 0.Д mm respectively. In 
the monitor lizard there is a tectorial membrane, whereas in 
the granite spiny lizard and the alligator lizard the parts 
of the papilla that are tonotopically mapped have free stan­
ding cilia. 
In the turtle (Crawford and Fettiplace 1980) having a BM of 
0.7-1.1 mm length and hair cells with a tectorial membrane 
(Miller 1978) the mapping constant is 10.6 oct/mm and the 
longitudinal spacing of the HC is about 100 НС/mm (Miller 
1978) or 9 HC/oct. 
In the amphibians data from the amphibian papilla in the 
bullfrog are available that show tonotopic mapping on the 
papilla (there is no BM) (Lewis et al. 1982) with a constant 
of 2 oct/mm. 
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Compared to other animals we can conclude that the tono-
topic frequency mapping in the mechanical vibration response 
of the BM in caiman is comparable to that found in mammals 
and the longitudinal density of hair cells per octave is 
quite compatible with a travelling wave type of frequency 
selectivity by means of the BM. In lower reptiles, especially 
the alligator lizard, and the turtle the space available for 
one octave is so small that it appears hardly possible that 
a frequency selectivity on the basis of gradients in the BM 
exists. Indeed no tonotopy in the mechanical response of the 
BM exists in the alligator lizard (Peake and Ling 1980) and 
the basis of frequency selectivity in the turtle appears to 
rely on hair cell electrical or electromechanical properties 
(Crawford and Fettiplace 1980). 
Traveil ing wave characteristics. 
The amplitude of the vibration of the BM in caiman is 
about 500 nm/Pa rms at the peak of the response, the ampli-
tude ratio of BM/CFP was typically 20 dB for a good measure-
ment and could reach values of 30 dB. As mentioned before 
the amplitude values depend on the transverse position on 
the BM and all results where amplitude ratios were smaller 
than 15 dB have been neglected. The slopes of the amplitude 
responses at constant footplate amplitudes are on average 
9 dB/oct for the low-frequency slope and 32 dB/oct for the 
high-frequency slope. 
These travelling wave parameters are of the same order 
as those observed in mammals as summarized by Wilson (1974): 
the rms displacement at the response maximum varies with 
species and with the frequency of the response maximum. In 
man (von Békésy 1960) values range from 5 nm/Pa at 100 Hz 
to 23 nm/Pa at 3000 Hz. In the squirrel monkey (Rhode 1971, 
1973) values of 30-200 nm/Pa at 8 kHz are obtained. The 
guinea pig data (Johnstone and Boyle 1967; Johnstone et al. 
1970; Wilson and Johnstone 1972) in the 15-4.0 kHz region 
range from some 50 nm/Pa to 5 nm/Pa. More recent data are 
in the same order of magnitude (e.g. Rhode 1978; Khanna and 
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Leonard 1981; Sellick et al. 1982) but it is important 
to bear in mind that at the frequency of maximum response 
the vibration amplitude is a non-linear, saturating func-
tion of intensity so that extrapolations are not allowed. 
The BM/Stapes amplitude ratios at the peak amplitude res-
ponse are on average 30 dB (see Wilson 1974·) in mammalian 
data. The data from Von Békésy (I960) for man in the low-
frequency range, comparable to the frequency range in cai-
man varies around 15 dB quite comparable with the value of 
20 dB in caiman. 
Thus the absolute amplitude of vibration of the BM in caiman 
is slightly higher than in mammals, whereas the BM/CFP ratio 
is similar to the low-frequency regions in mammals but smal-
ler than that obtained at higher frequencies. A possible ex-
planation for this is the high amplitude of the CFP in the 
caiman, compared to other species, resulting in large BM 
amplitudes at comparatively lower BM/CFP ratios. 
Low-frequency slopes in mammals change from 6 dB/oct at 
low frequencies to 12 dB/oct or more, close to the peak of 
the amplitude response (see Wilson 1974) and are quite com-
parable to the average of 9 dB/oct in caiman. The high-fre-
quency slopes in caiman of on average 32 dB/oct with extre-
mes of 10 and 60 dB/oct (Fig. 18) are much lower than those 
found in mammals, but there the measurements were taken at 
places with response maxima at high frequencies. Von Békésy's 
(I960) data from guinea pig in the low-frequency area have 
high-frequency slopes close to 20 dB/oct, comparable to cai-
man. The amplitude responses in the chicken (von Békésy I960) 
have only slightly less steep slopes when replotted on a lo-
garithmic scale (see Fig. 17), than those obtained in the 
caiman. 
The phase response of the caiman BM relative to the CFP 
shows a rather small phase rotation as a function of fre-
quency at anyone position. Starting with a lead of 0.25 cycle 
the overall rotation is about 0.5 cycle. The low-frequency 
phase slope (below the frequency of maximum amplitude res-
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Hi gh-frequency slope of the BM amplitude responses at con-
stant CFP amplitude as a function of the position of mea-
surement along the BM. 
The solid line is the regression line. The high-frequency 
slopes do not change significantly with distance. Corre-
lation coefficient r=0.15 (p>0.05i N=44). 
ponse)t interpreted as a travel time delay varies from 
0.14 ms at the basal reference point to 0.64 ms at the most 
apical point where measurements were possible (2 mm from the 
basal reference point). The change in travel time is 
0.25 ms/mm. For a constant frequency input of 1000 Hz the 
phase change with distance is 0.16 cycles/mm indicating an 
average wavelength of 6.25 mm. This is longer than the total 
length of the BM. Wavelengths in the order of 2 mm in single 
measurements and single animals can be obtained (e.g. Fig. 6). 
Comparison of these phase data with mammalian travelling 
wave phase properties reveals only limited agreement. The over-
all phase rotation as a function of frequency is somewhat lar-
ger in the guinea pig (0.5-1.5 cycles, Johnstone and Yates 
1974; Wilson and Johnstone 1975; Rhode 1978) and considerably 
larger in the cat (4 cycles, Khanna and Leonard 1981) and the 
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squirrel monkey (Д.5 cycles, Rhode and Robles 197Д; Rhode 
1978). Low-frequency phase slopes or travelling wave delays 
in man cadaver ears vary from 0.27-0.5 ms with more apical 
positions from 10-17 mm or frequency of maximum response of 
6.2-2 kHz (Gundersen et al. 1978). In guinea pig slopes in 
the order of O.0O5-O.O5O ms in the basal 0-Д mm of the basi­
lar membrane are found where amplitude response cut-off fre­
quencies range from 43-15 kHz (Wilson and Johnstone 1975» 
Johnstone and Yates 1974). In the cat at U-5 mm from the base 
( H kHz maximum amplitude) the low-frequency phase slope is 
in the order of 0.09 ms (Khanna and Leonard 1981). In the 
squirrel monkey (Rhode and Robles 197Д; Rhode 1978) in the 
6.5-8 kHz region delays are in the order of О.З-О.Д ms. 
The travel delays observed in the caiman are rather long 
compared to the mammalian data especially if one takes into 
account the shortness of the caiman BM. The wavelength of 
6.25 mm at 1000 Hz in caiman is comparable to wavelengths at 
low frequencies in man cadaver ears (von Békésy I960) that 
have values from 9 mm at 100 Hz to 6.5 mm at 200 and 300 Hz. 
Kohllöffel (1972) measured in guinea pig wavelengths of 
1-4 mm dependent on the condition of the preparation in the 
5-9 kHz region. 
Minimum wavelengths in mammals are in the order of 0.7-2.8 mm 
(see Wilson 1974; Kim and Molnar 1975; Eggermont 1976,1979b) 
comparable to the smallest values obtained in caiman. 
Taking the travelling wave and tonotopic mapping para-
meters discussed above together it appears that the travelling 
wave in the caiman is quite comparable to the one in mammals 
if one considers the caiman BM as a section of a mammalian BM 
rather than rescaling or normalizing the travelling wave para-
meters on the total length of the different BMs. 
Comparison with caiman neural data. 
The mechanical tuning in caiman is much less sharp than 
that found in the primary fibres. Mechanical tuning curves 
have low-frequency slopes of about 9 dB/oct, high-frequency 
slopes of 32 dB/oct. Neural tuning curves have low-frequency 
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slopes of 10-150 dB/oct, high-frequency slopes of 
30-180 dB/oct. The phase rotation at a given position on 
the BM in the caiman as a function of frequency is about 
1.5 cycles, with a plateau at high frequencies. The primary 
fibres in caiman show a larger phase rotation as a function 
of stimulus frequency (5-6 cycles up to 2000 Hz, see Chapter 
III, Fig. 8). 
The phase as a function of position along the BM at a given 
stimulus frequency (1000 Hz) changes by 0.16 cycles/mm, re-
sulting in a wavelength of 6.25 mm (Fig. 9). From neural 
phase-locked population responses as a function of BF a 
phase change of 1.1 cycles/oct for a stimulus frequency of 
701 Hz and about 2 cycles/oct for a stimulus frequency of 
MM. Hz were measured (Chapter III). Using the frequency-
place map from the mechanical measurements (Fig. 8) this 
results in much shorter wavelengths of 1.3 mm (707 Hz) to 
0.7 mm ( U U Hz). 
These findings support the conclusion that the observed 
BM responses represent the passive component of the BM vi-
bration and that damage to the inner ears had occurred. 
This indicates that the sharp tuning found in the primary 
fibres in the caiman depends on an additional active, vul-
nerable mechanism to be localized at or in the hair cell. 
This has also been suggested in the alligator lizard (Weiss 
et al. 1978; Peake and Ling 1980) and in the turtle (e.g. 
Crawford and Fettiplace 1981). The occurrence of evoked 
cochlear emissions in the caiman indicates that active pro-
cesses in the inner ear exist (Strack et al. 1980). 
Temperature changes. 
There is irrefutable evidence from primary fibre measure-
ments (Chapter II) that the neural CFs shift with temperature 
changes and that the whole response area of a primary fibre 
shifts uniformly with temperature, whereas such an effect is 
not found in the present mechanical BM responses. 
Effects of temperature on the BM mechanics have not been 
investigated in other animals than the caiman. In the squir-
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rel monkey the speed of deterioration of the preparation, 
and the concomitant shift of the frequency of maximum res-
ponse was higher when the dead animal was kept at 380C than 
at room temperature (Rhode 1973; Rhode and Robles 1974.). This 
may have some relevance for the temperature experiments in 
caiman. If the shift of the CF of primary auditory fibres 
with temperature (see Chapter II) is to be explained from 
changes in the mechanical vibration pattern, this pattern 
should shift towards the apex when temperature is increased, 
to produce the observed primary fibre effects, since it is 
shown in the results that it shifts towards the base with 
increasing stimulus frequency (see tonotopy) and higher fre-
quencies are needed to produce maximum stimulation of prima-
ry fibres at higher temperatures (Chapter II). The effects of 
temperature on the mechanics in the squirrel monkey post mor-
tem indicate a shift of the vibration pattern towards the ba-
se of the basilar membrane as a function of•deterioration of 
the preparation, higher temperature speeding up this process. 
If in the squirrel monkey, superimposed on this deterioration 
effect, there would be a temperature effect as postulated for 
explanation of the CF shifts in caiman primary fibres, this 
would counteract the deterioration effect because it would 
shift the vibration pattern to the apex, the sum of the two 
effects depending on the strength of both. For the squirrel 
monkey the observed basal shift could be interpreted as a 
much smaller effect of temperature per se on tonotopy of the 
vibration pattern than that of deterioration, which is in 
agreement with the lack of effect of temperature on primary 
fibre CF in cat (Klinke and Smolders 1977; Smolders and 
Klinke 1977) and guinea pig (Gummer et al. 1982; Gummer, to 
be published). For the mechanical measurements in caiman 
the lack of effect of temperature on the vibration pattern 
could be interpreted as the sum of a temperature effect per 
se, shifting the vibration pattern towards the apex with 
higher temperature and the effect of increased deterioration 
shifting the pattern towards the base by the same amount. 
Meanwhile it must be realized however, that the comparison 
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of post mortem effects in the mechanical properties of the 
BM in a mammal where in vivo no effects of temperature on 
primary fibre tuning are observed, with those found in the 
caiman is rather far fetched. May it only emphasize the pau-
city of available data on the effects of temperature on fre-
quency tuning mechanisms. 
No significant changes in the vibration properties with res-
pect to temperature changes are found in caiman. If severe 
effects of aging or deterioration of the preparation, as 
speculated upon above, had occurred during the experiments, 
the effects of temperature changes should have produced ir-
reversible effects, not purely by the change of temperature 
alone, but by the time it takes to perform the experiments, 
the deterioration continues with time but the speed of the 
process is modulated by the actual temperature. No such ef-
fects were found in the present experiments indicating that 
no severe changas in the preparation occurred during the 
observation period or due to the temperature changes. For 
instance all solid lines should be below the dashed lines 
in Fig. 13 if a basal shift of the cut-off frequencies due 
to deterioration would have occurred during the experiments, 
indicating that after cooling and rewarming permanent changes 
in tonotopy had occurred. It is clear that this is not the 
case and therefore the lack of effect of temperature on the 
vibration pattern of the BM in caiman cannot be explained 
by two processes with opposite effects as in the speculation 
above. 
It remains to be tested whether shifts in the BF of pri-
mary auditory fibres with temperature occur under the condi-
tions at which the BM mechanical measurements were made. At 
present the absence of significant effects of temperature on 
the (passive) mechanical responses over a wide range of tem-
perature and the strong dependency of primary fibre frequency 
tuning suggests that it is the vulnerable component of the 
inner ear mechanics, or the additional hair cell tuning me-
chanism, that is strongly influenced by temperature. The 
strength of the temperature effect on tuning points in the 
-IBg-
direction of electrochemical rather than simple physical 
mechanical changes as a function of temperature as well 
(Cf. Eatock and Manley 1981; Chapter II). 
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CHAPTER V. 
SUMMARY AND CONCLUSIONS. 
1. The influence of temperature changea on the tuning proper­
ties of primary auditory fibres in Caiman crocodilus was 
investigated and an attempt made to localize the site of 
origin of the effect observed. To this end the tuning 
mechanisms in the caiman basilar papilla were investiga­
ted by an indirect method, using phase-locking responses 
of primary auditory fibres, as well as by direct observa­
tion of basilar membrane mechanics using a capacitive 
probe at different temperatures. 
RESULTS. 
2. Temperature effects on primary fibre tuning (Chapter II). 
2.1 All temperature effects obtained in a range of 11-ЗД0С 
were completely reversible without hysteresis. 
2.2 Primary fibres in caiman can be divided into two popula­
tions with respect to their spontaneous firing rates. At 
27 C, the standard temperature for our animals, the bor­
der between the spontaneous rate populations is at 
20 imp/s. The rates in the low spontaneous group vary 
from 1-20 imp/s and in the high spontaneous group from 
20-65 imp/s. 
2.3 Mean spontaneous rate changes nearly linearly with head 
temperature in a range from 11-35 C, with slopes between 
0.2 and 3·5 imp/s/ С At 11 С neural impulse amplitude is 
heavily reduced and below 11 С spontaneous firing stops. 
The separation between the low and high spontaneous rate 
groups is maintained as temperature changes and the bor­
der between the two rates shows a similar temperature de­
pendence as the mean spontaneous firing rate itself. Mean 
spontaneous firing rate did not show any signs of satura-
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tion or deterioration at very high temperatures (up to 
ЗЛ
0
С) whereas fibre sensitivities to sound decreased at 
similar high temperatures. 
2.Д The frequency-intensity response area of primary auditory 
fibres in caiman shifts uniformly with temperature. 
2.5 Best frequencies (BF) shift nearly linearly with tempera­
ture to higher frequencies at higher temperatures. The BF 
versus temperature curves for each fibre extrapolate to 
BF = 0 at about 50C. The change of BF with temperature is 
proportional to the BF at standard temperature (27 C). 
The BF temperature dependency can be approximated by: 
BF(T) = BF(27)·^ (T in 0C) 
Expressed in octaves the BF shift/ С changes with tempera­
ture and varies from O.H oct/0C at 150C to 0.06 oct/0C 
at 30oC. The shift in octaves is similar for all fibres 
irrespective of their BF at standard temperature. 
2.6 Thresholds at BF are lowest for temperatures near the 
standard temperature. Below 27 С thresholds change with 
temperature on average by -1.9 dB/0C. Above 270C the 
thresholds rise rapidly with temperature but the data is 
too limited to give a quantitative measure. 
2.7 Sharpness of tuning expressed as Q-IQJR shows no signifi­
cant change with temperature although at the extremes of 
the temperature range tested a small decrease in sharp­
ness appears to occur. 
3. Indirect observation of the excitation distribution 
(Chapter III). 
3.1 The distribution of amplitude and phase of the fundamen­
tal component of the neural phase-locking responses to 
pure tone stimuli over the fibres BF in caiman is quali­
tatively comparable to that observed in cat, but the 
scatter is larger and higher intensities are needed than 
in cat to produce systematic effects. 
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3.2 The phase distributions near the stimulus frequency-
have slopes of 0.6, 0.85, 0.9 and 1.1 cycles/oct at 88, 
177, 354 and 707 Hz stimulus frequency respectively. 
3.3 Phaselag as a function of frequency at constant intensity 
in single fibres can be approximated by one or two linear 
segments. Phaselag as a function of intensity appears to 
increase below and decrease above the ΒΓ of a single fi­
bre, changes at BF are smallest. 
3.4. Single primary auditory fibres in the caiman respond to 
rarefaction clicks with shorter latency than to condensa­
tion clicks. The click latency decreases with increasing 
BF of the fibres. The minimum click latency was estimated 
as 1.5 ms relative to the onset of pressure change at the 
eardrum. Group delay estimates from the click responses 
agree very well with those obtained with frequency sweeps 
and are equal to the phase delays since phase changes li­
nearly with frequency. Conversion of these delays as a 
function of the fibre's BF to phaselag shows excellent 
agreement with the phaselag distributions measured direct­
ly with pure tones. 
3.5 Although all data obtained from primary fibres on the ex­
citation distribution in the caiman are similar to those 
obtained in mammalian ears no conclusions on the nature 
of the tuning mechanisms can be drawn from this, because 
of the indirect nature of the method. 
4·· Direct observation of middle- and inner ear mechanics 
(Chapter IV). 
4.1 The middle ear response in caiman has a cut-off frequency 
of 500 Hz. The high-frequency slope is 12 dB/oct up to 
3000 Hz and then steepens to 25 dB/oct. The average colu­
mella footplate amplitude at low frequencies is 
500 nm(rms)/Pa and is 10-20 dB larger than in other spe­
cies. The phase rotation of the footplate response asymp­
totes to nearly one cycle at high frequencies, consistent 
with a minimum phase function. 
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Í.2 Under the given experimental conditions the basilar 
membrane responses maybe reflect the passive component 
of the basilar membrane vibration. The responses are a 
linear function of intensity in the range of 51-111 dB 
SPL. 
¿.3 There is selective place dependent mechanical frequency 
selectivity in the caiman basilar membrane. Low-frequen-
cy slopes of mechanical tuning curves were on average 
9 dB/oct. High-frequency slopes were on average 32 dB/oct 
and ranged from 10 to 60 dB/oct but did not change syste-
matically with frequency of maximum amplitude or with po-
sition. Amplitude ratios of basilar membrane and columel-
la footplate vibrations at the frequency of maximum res-
ponse of up to 30 dB were measured, typically 20 dB. The 
vibration amplitude of the BM at the maximum was 500 nm 
(rms)/Pa ¿10 dB. The frequency of maximum vibration am-
plitude at a given position shifted upward as a result 
of draining scala tympani by about 0.5 octave. 
4.4 The limbus that supports the basilar membrane vibrates 
with amplitudes of 20 dB (or more at higher frequencies) 
lower than the basilar membrane. The vibration of the 
limbus is in phase with the columella footplate and does 
not show frequency tuning. 
4.5 The frequencies of maximum vibration amplitude are tono-
topically mapped on the basilar membrane: high frequencies 
are located more basally than low frequencies. In the ran-
ge from 0.5-2 mm from a basal reference point the mechani-
cal tonotopy has a gradient of 0.71 oct/mm. 
4.6 The mechanical tonotopic frequency selectivity in the cai-
man is produced by a travelling wave mechanism on the ba-
silar membrane. For a pure tone stimulus of 1000 Hz the 
phase-change as a function of position is on average 
0.16 cycles/mm corresponding to an average wavelength of 
6.3 mm. The smallest wavelengths observed are in the or-
der of 2 mm. Basilar membrane travel time delays in the 
observation segment (0.5-2 mm) vary from 0.14 ms at the 
most basal to O.64. ms at the most apical point. 
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¿.7 No significant changes in the mechanical vibration pat-
tern of the basilar membrane as a function of tempera-
ture in a range from 9-38 С were observed. 
5· Comparison of neural and mechanical data. 
5.1 Using the tonotopic basilar membrane mapping constant 
of 0.71 oct/mm the estimated wavelength from primary fi­
bre phase-locked distributions is about 0.7-2.3 mm, in 
contrast to the value of 6.3 шш obtained from the direct 
observations. 
5.2 Primary fibre tuning ia sharper and primary fibre phase 
responses have faster phase rotation than those observed 
in the basilar membrane mechanics. 
CONCLUSIONS. 
An effect of temperature on the tuning properties of primary 
auditory fibres in Caiman crocodilus has been found, that is 
characterized by a uniform shift of the response area with 
temperature to higher frequencies. Concomitant changes in 
threshold are relatively small and changes in sharpness of 
the primary fibre tuning are negligable. 
This finding contrasts with the observations in mammals where 
temperature does not affect the primary fibre properties with 
respect to frequency but changes in threshold and sharpness 
of tuning are dominating. 
Other interferences with metabolism in mammals like applica­
tion of drugs, anoxia, draining of scala tympani or noise 
damage corroborate the finding that in mammals the predomi­
nant changes are threshold loss and loss of sharpness of tu­
ning as against no or very small frequency shifts. 
The frequency shifting effect of temperature in the caiman 
has also been observed in other lower coldblooded vertebra­
tes, the gecko and the toad, but also and quantitatively com­
parably in the warmblooded bird primary fibres. 
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From these findings it appears that there is a fundamental 
difference with respect to the effect of temperature changes 
on primary fibre tuning mechanisms between the mammalian 
and the submammalian ears in that no frequency shifts occur 
in the former and are predominant in the latter. 
This difference cannot be attributed to the differences in 
normal body temperature between mammals and non-mammals, 
nor to homoiothermia and poikilothermia since it occurs in 
the homoiotherm bird, which has a normal body temperature 
that is even higher than in the mammal, in quantitatively 
the same degree as in the poikilotherm reptiles and amphi-
bians. 
It may be that tuning in mammals and non-mammals is based on 
different mechanisms. Since receptor potentials both in mam-
malian hair cells and in those of lower vertebrates are sharp-
ly tuned, the tuning process must be localized at the hair 
cell, the cilia, or the associated tectorial or basilar struc-
tures. 
In mammals recent findings indicate that tuning is completely 
determined by the travelling wave mechanics of the basilar 
membrane. In lower vertebrates, there is accumulating evi-
dence for different tuning mechanisms than in mammals, ba-
sed on micromechanical ciliar-tectorial properties, bio-
chemical-mechanical ciliar properties or electrochemical 
hair cell membrane properties. These mechanisms appear to be 
limited to lower frequencies but may be completely responsi-
ble for tuning in the lower vertebrate ears, whereas they 
may play a minor role in the tuning process in the mammalian 
inner ear, or may have disappeared in the travelling wave 
type ears completely. 
The differential effect of temperature on best frequencies 
in mammals and non-mammals then could be explained if these 
non-travelling wave mechanisms were highly temperature depen-
dent, maybe because chemical processes are involved, whereas 
travelling wave mechanics are not affected with respect to 
the best frequencies by temperature in physiological ranges. 
Further analysis of the tuning mechanism in caiman has re-
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vealed that all primary fibre properties that in mammals 
have been interpreted as expressions of the travelling wave 
mechanical frequency analysis, are qualitatively and even 
quantitatively similar in the caiman despite the dimensional 
differences of the caiman and average mammalian inner ears 
and basilar membranes. Since these response criteria however 
are inherently indirect, they cannot be directly interpreted 
as travelling wave or basilar membrane properties. 
Direct observation of the middle and inner ear mechanics in 
the caiman shows that there is a mechanical contribution to 
the frequency selectivity. The frequency responses of the 
basilar membrane are tonotopically mapped similar as in the 
mammal, and a travelling wave motion occurs. Differences in 
the amplitude and phase of the mechanical and neural res-
ponses indicate that the mechanical responses measured pro-
bably reflect the passive component of basilar membrane vi-
bration, as a result of damage of the inner ear due to the 
preparation. 
The mechanical responses of the basilar membrane were not 
changed in a temperature range where primary fibre response 
areas shift over more than an octave in frequency. Given the 
probability of damage in the mechanical measurements it re-
mains to be tested whether frequency shifts of primary fibre 
response areas occur under the same conditions. 
Our preliminary conclusion is that sharp tuning in caiman 
primary fibres relies on an active vulnerable mechanism ad-
ditional to the passive mechanical basilar membrane vibration, 
and that the sensitivity to temperature changes, observed as 
shifts in the response area of single primary auditory fibres 
originates from this vulnerable mechanism, localized at the 
hair cell level. 
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SAMENVATTING. 
AFSTEMMECHANISMEN IN HET BINNENOOR VAN DE KAAIMAN Caiman 
crocoriilus (LINNAEUS) 
De doelstelling van het onderzoek is de hoge frequentie-
selectiviteit van primaire gehoorzenuwvezels en de mechanis-
men, waardoor deze tot stand komt, beter te begrijpen. 
Enerzijds duiden morfologische en fysiologische gegevens 
erop, dat de frequentieselectiviteit bij lagere vertebraten 
gerealiseerd wordt door andere mechanismen dan bij de zoog-
dieren, anderzijds hebben de gehoorsystemen van alle verte-
braten, als specialisatie van het acousticolateralis-systeem, 
een gemeenschappelijke oorsprong (Hoofdstuk I). Vanuit dit 
oogpunt is een vergelijkend onderzoek aan lagere vertebraten 
veelbelovend, zowel om de algemene principes van het gehoor-
systeem te begrijpen alsook - gegeven de grote structurele 
en functionele variëteit in het gehoor der lagere vertebra-
ten - de betekenis van speciale elementen die betrokken zijn 
bij de geluidsanalyse. Het proefdier, de kaaiman, behoort 
tot de krokodillen. Deze nemen onder de reptielen een bijzon-
dere plaats in. Phylogenetisch hebben zij meer gemeen met de 
vogels dan met de overige reptielen en dit geldt met name ook 
voor hun gehoorsysteem. Het krokodillenoor is het hoogst ont-
wikkelde oor der poikilotherme vertebraten en toont tezamen 
met het vergelijkbare vogeloor grote anatomische overeenkom-
sten met het zoogdieroor. Deze argumenten, tezamen met metho-
dische voordelen van de koudbloedigheid, leidden tot de keuze 
van de kaaiman als het proefdier. 
In hoofdstuk II wordt de afhankelijkheid van de afstemeigen-
schappen der primaire gehoorzenuwvezels van de kaaiman van 
de temperatuur beschreven. Zowel de spontane activiteit als de 
responsies op toonblokstimuli veranderen reversibel met de 
temperatuur in het gehele onderzochte temperatuurbereik van 
11 tot ЗД C. De spontane gemiddelde vuurfrequentie der pri-
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maire vezels neemt monotoon bijna lineair toe met de tempera-
tuur. Hierbij blijft de bimodale verdeling van de vuurfre-
quenties der primaire vezels van een dier behouden. De res-
ponsies op toonblokstimuli in afhankelijkheid van de stimu-
lusintensiteit en de toonfrequentie (responsiegebied) worden 
gekarakteriseerd door een uniforme verschuiving langs de 
frequentie- en intensiteitsas bij verandering van de tempera-
tuur. Daarbij is de verschuiving langs de frequentieas het 
dominerende effect. Bij verhoging van de temperatuur ver-
schuift het responsiegebied monotoon, bijna lineair met de 
temperatuur, naar hogere frequenties. De verschuiving langs 
de intensiteitsas is niet monotoon. In het bereik onder de 
acclimatisatieteraperatuur van de dieren (27 C) verschuift 
het responsiegebied naar lagere intensiteiten met hogere tem-
peratuur; daarboven treedt een verschuiving naar hogere in-
tensiteiten op. Aangezien deze verschuivingen uniform optre-
den, kunnen zij gekarakteriseerd worden door drie parameters 
van de afstemkromme (tuningcurve), die gedefinieerd wordt als 
de isoresponsiecurve met een gemiddelde responsievuurfrequen-
tie, die 50% hoger is dan de gemiddelde spontane vuurfrequen-
tie van ieder neuron bij de gegeven temperatuur: De karak-
teristieke frequentie (CF) neemt lineair toe met de tempera-
tuur, de responsiedrempel bij de CF als functie van de inten-
siteit vertoont een tamelijk breed minimum bij de acclimati-
satietemperatuur en de afstemscherpte (Q-igdB^  ondergaat geen 
significante verandering met de temperatuur. De gevonden ef-
fecten van temperatuurverandering bij de kaaiman treden waar-
schijnlijk ook op bij andere poikilotherme vertebraten. Zij 
treden ook op in het oor der homoiotherme vogels maar niet 
in het zoogdieroor, wat erop wijst dat de binnenoormechanis-
men, die verantwoordelijk zijn voor de scherpe frequentie-
selectiviteit der primaire vezels, bij zoogdieren verschillen 
van die bij lagere vertebraten onafhankelijk van het gegeven 
of die lagere vertebraten homoiotherm of poikilotherm zijn. 
Hier dringt zich de vraag op naar de aard van het afstemme-
chanisme in het binnenoor van de kaaiman, met name of een 
lopende-golf-mechanisme in de basilaire membraan werkzaam is, 
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zoals bij de zoogdieren, waar de afstemscherpte der primaire 
neuronen geheel uit de mechanica der basilaire membraan kan 
worden verklaard. 
In hoofdstuk III wordt het afstemmechanisme in het kaaiman-
oor, met het oog op een eventuele lopende-golf verder geana-
liseerd met behulp van een niet-invasieve, maar daardoor in-
directe methode, waarbij de fasegekoppelde responsies van 
zeer vele primaire vezels van hetzelfde oor op een constante 
zuivere toonstimulus gebruikt worden om de distributie van 
de amplitude en fase van de excitatie langs de papilla basi-
laris te schatten. De resultaten worden vergeleken met de la-
tentietijden, verkregen uit de responsies op klikstimuli en 
zijn hiermee in goede overeenstemming. De verregaande quali-
tatieve en ook quantitatieve overeenstemming van de bij de 
kaaiman gevonden resultaten met die bekend van zoogdieren, 
met name wat betreft de distributie van amplitude en fase 
der fasegekoppelde responsies op zuivere tonen over de CF 
en de latenties van de responsies op klikstimuli, tezamen 
met het feit dat bij zoogdieren deze responsie-criteria ge-
duid worden als weergaven van de eigenschappen der lopende-
golf, suggereren, dat het binnenoor van de kaaiman in dit 
opzicht niet verschillend is van het zoogdieroor. Gezien het 
indirecte karakter van de methode is de conclusie, dat bij 
de kaaiman een lopende-golf-afstemmechanisme voorhanden is, 
echter niet toelaatbaar. 
In hoofdstuk IV worden de resultaten beschreven van directe 
metingen van de mechanica van het midden- en binnenoor van 
de kaaiman. De gebruikte methode der capacitieve sonde is 
inherent invasief en vereist bovendien een draineren van de 
scala tympani bij de middenoormetingen. 
De middenooreigenschappen gevonden bij de kaaiman zijn ty-
pisch voor de middenoren van hoger ontwikkelde reptielen en 
van de vogels. Het voornaamste verschil met het zoogdier-
middenoor is de slechte overdracht bij hogere frequenties; 
bij de kaaiman boven 3 kHz. De amplituden van de columella-
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voetplaat bij de kaaiman zijn groter dan bij andere reptielen 
en bij vogels en zoogdieren. De beweging van de basilaire 
membraan in het binnenoor van de kaaiman vertoont positie-
afhankelijke mechaniache frequentieselectiviteit. Hoge sti-
mulusfrequenties voeren tot amplitude-maxima meer basaal op 
de basilaire membraan dan lagere frequenties. Er bestaat dus 
een tonotope frequentieafbeelding, die vergelijkbaar is met 
die in het zoogdieroor. De tonotoop georganiseerde frequentie-
selectiviteit wordt gerealiseerd door een lopende-golf-mecha-
nisme in de beweging der basilaire membraan. Onder de gegeven 
experimentele condities is de beweging van de basilaire mem-
braan een lineaire functie van de stimulusintensiteit en de 
mechanische frequentieselectiviteit is geringer dan die der 
primaire vezels in kaaimannen met volledig intacte binnenoren. 
Er is geen significant verschil in de mechanische responsies 
van de basilaire membraan bij temperatuurveranderingen over 
een bereik van 9 tot 38 C. 
Uitgaande van deze resultaten kan men samenvattend stellen, 
dat er een fundamenteel verschil is wat betreft het effect 
van temperatuurveranderingen in de eigenschappen van het zoog-
dieroor en dat van lagere vertebraten. Dit verschil is niet 
gerelateerd aan de verschillen in de normale lichaamstempera-
tuur van zoogdieren en niet-zoogdieren, noch aan warm- of 
koudbloedigheid der dieren. Hoewel in het binnenoor van de 
kaaiman een lopende-golf-mechanisme voorkomt, is hiermede de 
gemeten frequentieselectiviteit der primaire vezels noch de 
temperatuurafhankelijkheid daarvan te verklaren. Mogelijke 
artefacten, veroorzaakt door de methode gebruikt voor de di-
recte mechanische metingen, buiten beschouwing gelaten, moet 
er bij de kaaiman een aanvullend afstemmechanisme bestaan, 
gelocaliseerd tussen de basilaire membraan en de oorsprong 
der intracellulaire receptorpotentialen, dus in de haarcel. 
De temperatuureffecten vinden hun oorsprong in dit aanvullen-
de cellulaire afstemmechanisme. 
Temperatuurafhankelijke afstemmechanismen en afstemmechanis-
men die niet gebaseerd zijn op een lopende-golf, worden bij 
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andere reptielen aangetroffen. Het schijnt dus dat de kaaiman 
een intermediaire plaats inneemt tussen genoemde reptielen 
en de zoogdieren, wat betreft de mechanismen die verantwoor-
delijk zijn voor de frequentieselectiviteit der primaire ve-
zels. 
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STATEMENTS. 
1 . The frequency-shift of cochlear microphonic sensitivity curves 
in lizards with changes in temperature is not the result of 
opposite effects of temperature on the sensitivity of sen-
sory cells with low and high characteristic frequencies. 
Werner YL (1972) Temperature effects on inner ear 
sensitivity in six species of iguanid lizards. 
J Herpetol 6:U7-177. 
This thesis. 
2. The temperature independence of sound energy distribution and 
the stability of the repetition rate of distress calls in the 
caiman should not be interpreted as adaptations which reduce 
the call ambiguity to the receiver. 
Garrick LD and Garrick RA (1978) Temperature influ-
ences on hatching Caiman crocodilus distress 
calls. Physiol Zool 51:105-113· 
This thesis. 
3. The conclusion that changes of temperature in the gecko re-
sult in reliable changes of characteristic frequency, but 
not of threshold of the primary auditory fibres, is probably 
wrong. 
Eatock RA and Manley GA (1981) Auditory nerve fibre 
activity in the tokay gecko. II. Temperature 
effect on tuning. J Comp Physiol H2:219-226. 
This thesis. 
4. The body temperature of cold blooded animals during auditory 
and probably also during other experiments should be control-
led as accurately as is usual in warm blooded animals. 
5. All criteria from primary fibres that have been interpreted 
as reflecting properties of travelling waves can also be the 
result of the filtering properties of any array of tuned ele-
ments . 
This thesis Chapter III. 
6. All measurements of inner ear mechanics should be accompanied 
by appropriate measurements of the condition of the inner ear. 
This thesis Chapter IV. 
Sellick PM, Patuzzi R and Johnstone BM (1982) Mea­
surement of basilar membrane motion in the gui­
nea pig using the Mb'ssbauer technique. J Acoust 
Soc Am 72:131-U1. 
7. If comparisons of the frequency response of the basilar mem­
brane and single primary fibres are made, this should be done 
using iso-output criteria in a comparable intensity range. 
8. From the energy point of view ectothermy is a very advanced 
property. 
9. For screening of the ototoxic effects of drugs the compound 
nerve action potential is a more reliable criterion than the 
cochlear microphonic potential. 
Klinke R, Gb'ttl K-Η and Roesch A (1981) Testing 
strategy for ototoxic side effects. Scand 
Audiol Suppl U:95-109. 
10. At present there are no convincing arguments to use the more 
hazardous intracochlear implantation technique in stead of a 
relatively simple round window electrode as a hearing pro-
thesis. 
11. From a historical point of view data storage media like stone 
tables and paper books are preferable to many modern storage 
media. 
12. Technology can not eliminate man's ultimate dependency on the 
natural environment. 
Nijmegen, 1 juni 1983 Jean Smolders 


